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Bellingham, Washington 98225 « [206] 676-3000
April 25, 1983

Dr. Norm Gelfand, Chairman

Physics Advisory Committee

Fermi National Accelerator Laboratory
Batavia, IL

Dear Norm,

With this letter we are submitting 35 copies of the proposal
"BATISS-Study of High Energy Neutr%nos with a Deep Underwater
Detector of a Mass Greater than 10° Tons." We hope the laboratory
will look with kind eyes upon this rather unique and, as many say,
imaginative experiment. We believe the laboratory, American
science and, indeed, the world will benefit in the long run from
this joint US-USSR international experiment. It is a "fixed target"
neutrino experiment which Fermilab has a natural and unique
advantage over all other accelerators in terms of beam energy and
intensity.

A few of the unique scientific and technological benefits
are listed in the preface of the proposal. For example, a gquantum
jump (two orders of magnitude improvement) can be expected in
establishing new limits on oscillation lengths both momentum,
and momentum independent. Perhaps there exists to be discovered,
an oscillation length and a mixing angle which will fall within
the range of sensitivity of the detector. The experiment may
observe new and interesting properties of the beam. For example,
the feasibility studies already carried out strongly suggest the
existence of new neutrino-like particles. The next stage of the
feasibility study will further elucidate the nature of these events.

There is also the series of neutrino beam applications which
makes this experiment especially attractive to the general public.
For example, we are pleased that our early idea on the use of
neutrino beams for resource exploration is finding endorsement by
notable scientists such as R.R. Wilson, Sheldon Glashow and others.
We believe that BATISS is one truly unique experiment which has the
features of extraordinarily high payout both scientifically and
technologically. The costs will be derived from a special appro-
priations without hurting the regular high energy physics budget.
We believe Leon Ledderman will find this a most worthwhile experi-
ment also.

Co-spokesmen to this experiment are Seth Neddermeyer of the
University of Washington (206-362-6437), Peter Kotzer of Western
Washington University (206-671-4585), E.V. Kolomeets of Kazakh'
State University, Alma-Ata and V.S. Murzin of Moscow State University.

Your careful considerations of this proposal will be appreciated.

Y A K~

Pétér Kotzer and Vliadimir Murzin
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ABSTRACT

We propose to study the properties of a 400 GeV wide band
neutrino beam in a six million ton underwater Cherenkov light
detector located in Lake Issyk-Kul 9,730 km chord line distance
from Fermilab. This experiment can reduce the upper 1limit on
the mass of tau neutrinos from 200 MeV to about 1 MeV. A largeé'
number of events will allow a significant improvement on theA m
and the mixing angle in the momentum dependent oscillation length.
The calorimetric and "fine" grain properties of the BATISS-BRISK
detector will allow one to study the physics of neutrino-like
events observed in the Western Washington University BATISS
neutrino telescope detector. The paper,accepted for publication
in the Proceedings of the 18th I.C.R.C. in Bangalore, India
1983 is attached. The proposed experiment is described in °
substantial detail in a booklet titled "Experiment BATISS -
Detection of Muons and Neutrino Deep Underwater using a Detector
with a Mass Greater than 10° Tons" - Western Washington University

1983.

Requests of Fermilab

1. One month of dedicated beam time be granted for the experiment.
Funding support from sources other than high energy physics
will provide for the cost of operations in the amount of
2 million dollars/month. The beam run would be generated at
a time when Fermilab would be closed down because of a lack of
operations funds. :

2. It is requested that Fermilab bend the 400 GeV beam 45° below
the horizon and point it toward the BATISS-BRISK detector.

3. That a total number of 2 x 1019 protons with an energy of
LoO GeV be delivered to the neutrino detector.
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INTRODUCTION

This paper describes the results of a test for the exist-
ence of correlations between neutrino telescope events and the
accelerz=or pulses produced by FNAL at 2750 km chord line '
distance. The neutrino telescope was aligned tc select prefer-
entially single particles coming up from 10 t+ & degrees below
the horizon. It could also detect particles, if any, which come
from BNL a2t 3906 km chord line distance and 17 degrees below the
loczl horizon. An atomic clock located at the FNAL measured the
time of initiation of the Main Ring Ramp and the Main Ring Dump
(which occurs after completionof the extracted 400 GeV bveam), to
a resolution of 10ps. The telescope records the time of occur-
rence of £-fold coincidence events which are selected from a
trigger on Cherenkov light signals produced by upward moving
particles traveling along the axis of the telescope at the speed
of light. A separate set of data which gives the index of the
pulse, the intensity (of the Linac, Booster, Main Ring and fully
accelerated beams), the time and date of production of each pulse
and the cycle time 1s also discussed. Results of a search for
correlation between the times of the ohservance of neutrino tele-
scope events and the time of observance and the characteristics .
of the FNAL beam pulses will be given. Contributions of acceler-
ator veams and beam losses in the form of background to cosmic-
ray experiments will also be discussed.

DESCRIPTIVE

Preliminary to a full-scale experiment (BATISS) to study
the processes involved in the penetration by a beam of high
energy neutrinos through the earth at various chord lengths,
this paper presents a partial analysis of some data obtained with
a water Cherenkov counter telescope aimed at the FNAL from
Western Washington University (WWU), Bellingham, along a 2750 km
chord. Circumstances limit the present arrangement to viewing
only those particles moving at rather large angles from the
main beam line. Even if 1t had been possible to aim the tele-
scope directly into the main accelerator beam the expected number
of otservable charged particles, arising from neutrino inter-
actions in the intervening matter from FNAL to the telescope
" would have been impractically small with such a small effective
target volume. Nevertheless, the experiment seemed to offer very
interesting opportunities for the study of new processes and
particles that have not yet been identified. Accordingly, the
telescope was aimed 10 degrees below the horizon and in the
azimuth of the acceleravtor. It was then necessary to use a
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suitable event selection system capable of discriminating against
a relatively huge cosmic-ray background and strongly favoring the
selection of events containing one or more particles coming up
from the earth.

The telescope consists of three cylindrical water tanks 1.2m
in diameter by 1.8m long, mounted in tandem with photomultiplier
tubes at the rear (upper) ends. Triggerson the simultaneous
appearance of Cherenkov light signals in the front and back
counters are called "AS" events because they are presumed to be
identified mainly with the air showers of cosmic-rays. When the
signal in the back counter lags by 26ns (the time of flight of
a particle traveling at the speed of light up from the ground
along the telescope axis) the coincidence is called a "TE" (tele-
scope) event. About five months of telescope data have been
recorded but only a small fraction has been analyzed, even partially.
We deal here only with a 3 day run, May 24, 25 and 26, 1982, for
which we had time synchronization data from Fermilab. The 3 day
run recorded 194 TE events or 2.85 #* 0.1l per hour and 1546 AS
events or 21.59 = 0.30 per hour.

The AS event frequency is actually consistent with expected
cosmic-ray flux and the TE events may likewise be largely produced
by AS and by cosmic-rays that are scattered into the telescope
from the earth. However, a small part of the TE events may have
their ultimate source in the Fermilab whatever the intermediate
processes may be. The first important problem is to establish
various correlations that can contribute to this identification.
Thus, the TE event rate may have a small positive correlation with
the total power delivered by the Fermilab beam. A better test would
be to relate the tims as well as intensities of individual Fermilab
pulses to the observed events.

In Figure 1 are plotted two 24 hour samples of the TE events,
one from the 3 day run, and one from June 1 which had the two
largest values, viz, 9 events per hour. Those two peaks are
most probably only statistical fluctuations.

A computer program stepped through all of the pulses placing
the time period between pulses into the beam-on category if the
pulse preceding the telescope event had an extracted Main Ring
(MR) beam, other wise it placed the time interval into the beam-off
category. See Table 1.

_Table 1 RESULTS

S Neew | T | <N > [Excess | No(MRind)!

Beam-ofT 27 i 792 33.8 i 0 0 ”
'\ Beam-on 167 | 3738 159.9t24 | 39 3. bx10L7 ﬁ
i Total 198 ] 4sso [193.7 o

A total of 27 beam-off TE in a 792 minute time period were observe
compared to 1467 in a 3738 minute beam-on time period. Two other
analysis of two other sets of data show positive correlations.
Hence, subtracting the background as determined by the beam-off
rates from the number of events observed during the beam-on time
period, an excess of 39+24 "signal" events (1.66) is obtfined.
During this portion of the data run most of the 3.4 x 10 7 Main
Ring Injected protons were accelerated from 8GeV to 400GeV.

April 25, 19€3



page 3

A further comparison between event rates observed during the
active period (first 7sec) of the beam-on cycle time pulses and

the dormant portion (A»7sec) of the beam-off portion of the cycle

time suggests an excess of 14.8%+5.52 events or 2.46 during the

active stage. See Figure 2. A further comparison between the '
intensities of the data run average pulse of FNAL beams and the
average intensity of the beam pulses immediately preceding and
succeeding the observation of a neutrino telescope event shows
that the "associated" beams are more intense by at least 2.0 ©.
SUMMARY AND CONCLUSIONS
Three independent tests for the existence of correlations
between neutrino telescope events 2750 km from FNAL and neutrino
beam pulses yielded the following results.

1. Using the telescope 9 day average rate the beam-off rate was
2.86 below expectation (while the beam-on rate was 0.616 above
expectation (from the null hypothesis). A minimum excess of
7 events was observed during the beam-on state. If the back-
ground to the beam-on portion of the data run was taken to
be the beam-off rate then the excess of beam-on events 1s
46 with a deviation of 1.98. The probability that this excess
is due to chance is .06.

2. If the beam-on and beam-off differences are real, then an
excess of events should be observed during the active stages
of the accelerator compared to the dormant stages. During
this three day period the accelerator was cycling less than
13.5 seconds,less than 1% of the time. This included possible
aborts. By defining the background rate to be given by the
beam-off rates and by beam-on rates for A+ values < 7.0 sec.
we find that 66.2+6.2 events are to be expected during the
active stage, whereas we observe 8l. The 14.80 excess of events
during the active stages of the accelerator is 2.4 6 avove expec-
tation. The probability that this excess is due to chance is
0.017.

3. If the excess events have their physical origin in the production
of beam particles at FNAL, then the average intensity of beams.
associated with TE must be higher than the average taken over
all pulses produced during the 3 day data run. The intensities
of the Linac, Booster MR injection and MR accelerator components
for the beam-on pulses are 2.5, 3.0, 3.0, 2.0 0 above expectation
respectively. However, the components of the beam-on and beam-
off pulses are not independent. To be conservative, we take
the intensity of the associated beams to be only 2 above
expectation. Hence, the probability that the higher intensity
beams associated with the telescope events is due to chance is
less than 0.05.. ‘

The combined probability that all three correlations inde-

pendently are due to chance is 0.06 x 0.017 x 0.05 = (1/20,000).

A minimum of 5 TE would have to be strategically shifted (a highly

improbable occurrence) in a repeat experiment, to associated pulses

with extremely low beam intensities in order to remove the excess.

This improbable occurrence would remove the beam-off depletion

and bring the intensity of associated beams to an average value

However, this would still leave an excess of at least about 10 events

in the &+ distribution (Figure 3). Hence, the analysis suggests

that a minimum of 5 events/3 days are generated by some kind of
beam particles from the FNAL, a distance of 2750 ‘km from the source.

April 25, 199
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PREFACE
BATISS

BATISS is an acronym for BATavia where the high energy
Fermilab accelerator is located and Lake ISSyk-Kul where a
six megaton neutrino detector is to be 1located. In this
experiment, very high energy neutrinos which are produced at
the Fermilab are propagated through 9,370 km of earth to Lake
Issyk-Kul where they will be detected and studied. The sanme
detectors can be used for the study of high energy neutrinos
o solar origin. This preface describes the basic el€ments
and the structural framework of the BATISS experiment.

HISTORY

The idea of a joint U.S.-U.S.S.R. through-the-earth
neutrino transmission experiment arose in a discussion at
the International Conference on Cosmic-Rays in Plovdiv,
Bulgaria in 1977 among U.S.S.R. scientists Professor E. V.
Kolomeets of Kazakh State University, Professor V., S.
Murzin of Moscow State University and U.S. scientists
Professor Peter Kotzer of Western Washington University
and Professor J. J. Lord of the University of Washington.

Since that time many theoretical calculations and
technological studies in suppert of the experiment have
been carried out. These studies are strongly supportive
of the feasibility of the BATISS experiment.

AIMS OF THE EXPERIMENT

In the BATISS experiment the verv high energv neu-
trinos which are generated by a very high energy acceler-
ator such as that at the Fermi National Accelerator Labor-
atory in the U.S., and which travel 9,370 km through the
earth to Lake Issyk-Kul will be detected and studied
jointly by U.S.A. anc¢ U.S.S.R. scientists.

The results of the BATISS experiment will provide new
and more precise answers to several classes of important
problems.

First: Fundamental problems in high energy neutrino and

elementarv particle physics. Among these are:

1) The question of the stability of theve,v Vo neu-~
trinos. H
2) The question of the existence of oscillations of

neutrinos amongst each other vy 7 v, 7 Vo T Ve

3) The question of the existence of new earth-penetrating
particles, i.e., neutral leptons.

4) The question of the existence of new iInteractions
among known weakly interacting particles.

5) The question of the long term stakility of the nroton.
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£) The question of the acceleration mechanisms in solar
flares.

Second: Fundamental problems in the geophysical sci-
ences. Major advances in this area are possible Dbecause
measurement of global distances to an absolute é€rror as
small as a few millimeters may be possible. Tnus BATISS
will:

1) Provide new techniques for a global survey of the
earth with unprecedented accuracy using neutrino
beams. For this purpose the detector should be
capable of observing neutrinos from several sources.

2) Provide a determination of the relative motion of two
global points on different continents and possibly
directly observe the predicted relative motion of
tectonic plates.

3) Provide techniques and information for future experi-
ments on the long term vertical motion of the ocean
floor.

4) Determine directly the short term (diurnal) tidal
motion of the earth which may be as much as 50 cm per
day.

5) Correlate the possible changes in the motion of the
plates with earthquake data.

6) Witn some modifications to the Issyk- Kul neutrino
detector it may be possible to examine the theoretical
prediction of the change of the gravitational constant
with time.

Third: = Applications. Upon the completion of the BATISS
detector and analysis of neutrino events (and the answers
to these fundamental problems in the sciences) several new
applications of neutrino beams are possible.

1) An entirely new form of human communication. Tech-
niques will be developed to demonstrate that neutrinos
can be used to convey messages through the earth with-
out the aid of electrical conductors.

2) Exploration for massive deposits of o0il and minerals
may be possible.

IIT. WHY & JOINT U.S.-U.S.S.R. EXPERIMENT

There are many advantages to a Jjoint U.S.-U.S.S.R.
BATISS experiment. Among them are:

1. The originators of the long base-line experiment, Drs.
E. V. Kolomeets, V. S. Murzin, P. Kotzer, and
J. Albers, will jointly direct the project. They are
from the respective countries and have thought out the
experiments in sufficient scientific and technological
detail so as reasonably to anticipate the successful
completion of the project.
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2. Both countries have the necessary technological and
scientific resources for carrying out the BATISS neu-
trino experiment

3. The source of the world's highest energy neutrinos
already exists in the U.S. at the Fermilab. Since the
ease of detection of neutrinos increases with their
energy, it would be advantageous to use this source.

4., The source-to-detector distance, 9,370 km, 1is very
large (almost as great as the earth's diameter), pro-
viding the opportunity for very sensitive tests of the
existence of neutrino oscillations.

5. Lake Issyk-Kul, one of the world's largest bodies of
clean water, is optimum for placement of a neutrino
detector and the study of neutrinos. The Kazakh State
University Laboratory can carry out the construction,
deployment and operation of the underwater neutrino
detector in collaboration with American scientists.

6. Valuable data on searches for and properties of neu-
trinos from the Fermilab can be taken soon after the
detector 1is placed. After this study and search,
bending of the proton beam can take place for further
studies of the properties of neutrinos and also feasi-
bility tests of transcontinental neutrino communica-
tions systems.

Already a working relation between scientists in the
two countries exists. Prof. Kolomeets visited Western
Washington University between January 8 and March 12, 1981
to work with the participants there to help solve the
scientific and technological problems associated with the
proposed experiment. Furthermore, an agreement between
the respective institutions of the U.S.S.R. and the U.S.A.
was signed on July 30, 1981 in Alma-Ata.

PROGRESS ON THE BATISS EXPERIMENT

(1) In the U.S.S.R., measurements of water transpar-
ency, which were necessary to determine the number of
detector elements, have been successfully carried out,
proving that Lake Issyk-Kul will make an ideal 1location
for an efficient detector of man-made .and natural neu-
trinos. '

(2) In the U.S.A. a working "mini" model of the BATISS
detector, complete with the computer system, 1is in
operation and has demonstrated that the detector can be
constructed to achieve a sufficiently high resolution of
the relative time of arrival of neutrinos between the
modules in the neutrino telescope and that a global time
synchronization system can be used to effectively cancel
out the large background of cosmic-ray muocn and neutrino
noise events.



PROPOSED SCHEDULE OF FUTURE BATISS ACTIVITIES

In 1981:

(1) Conclusion of an official agreement should be achieved
between the U.S.-U.S.S.R. partiecipants as to the detailed
division of tasks in the BATISS experiment. This 1is
expected to occur during the December 15-January 15
meetings at Alma-Ata of this year.

(2) It will be necessary, in the interest of scientific
advancement of BATISS, that a prototype neutrino telescope
be operated by the U.S.S.R. The BATISS neutrino telescope
should be emplaced and operatéd in Lake Issyk-Kul at a
deptn greater than 500 meters. It is necessary that the
detector be a working portion, such as a section,
neighborhood or possibly a gangleon of the full scale
BATISS detector, and be as close in design as possible to
the specially designed working telescope at WWU so as to
eiiminate possible discrepancies in the data attributable
to instrument design.

(3) The successful operation of the neutrino detector
requires that the condition of the beam of neutrinos at
the Fermilab be correlated, on a real time basis, with the
condition of operation of the BATISS telescope at WWU and
the BATISS neutrino detector in Lake Issyk-Kul. It will
be most beneficial to establish an "on line" communication
link from the start of the BATISS experiment when
background cosmic-ray muon and neutrino measurements are
being carried out and the construction of the final BATISS
Detector is in progress.

Timing will be based on the use of a system of
synchronized atomiec clocks located at the Fermilab and
also at the Lake Issyk-Kul Neutrino Detector, or the use
of an existing satellite.

In 1982: .
(1) Measurement of the cosmic-ray muon and neutrino back-
ground in Lake Issyk-Kul. It will be desirable to carry

out measurements of the background neutrinos from the
Batavia, CERN and Serpukhov accelerators at this time. To
do this, a large scale computer reguired for data analysis
at Lake Issyk-Kul should be operational by the. end of the
year.

(2) Completion of a major portion of the BATISS Detector.

In 1983:

(1) Completion of the BATISS neutrino detector and initi-

ation of a detailed study of the composition of the
accelerator neutrino beam at wide angles.

(2) Searches foeor new neutrinos and studies of the Tau
rnreutrino will be emphasized.
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In 198L;

Operation of the BATISS neutrino detector in an intense
Fermilezd neutrinc beam generated by one TeV energy
protons.

PUBLICATIONS

It is proposed that all publications be of joint U.S.-
S.S5.R. authership and that the results derived from the
activities related to the BATISS experiment be of Jjoint

ownershin. The publications of the BATISS Neutrino
cxperiment results will be submitted simultaneously by the
J.5.8.-J,8.5.8. authors to Jcurnals, in <their respective
languages.

MEETINGS

Meetings between the scientists of both countries
should be no less than two times a year. The times of the
meetings should be chosen so as to optimize the progress
0of the BATISS experiment.

EXCHANGES

Tne participants to be exohangod in the BATISS
experiment will consist of both scientists and engireers
but shall also include students from the participating
universities or laboratories in both ccuntries.
CONCLUSIONS

The primary benefits of this joint experiment are:
first, answers to  question cf several fundamental
problems in science and technology will be obtalined, and,
second, establishment of an Improved working “e_gviOﬁ
among the scientists of the U.S.A-U.S.S.R.
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INTRODUCTION

This proposal is published as the third in a series con-
cerning long base line neutrino experiments and provides addi-
tional material on the overall plan for the implementation of the
BATISS experiment. New technological advances in unde}water
neutrino detectors, time synchronization'systems and high energy
accelerator capability make possible transcontinental and truly
internationél neutrinoc experiments.

This third edition is directed toward a mére detailed layout
of the proposed experiment--BATISS. We review.specific physies
and geophysics goals of the experiment and also bring up some
applications of 1long base 1line neutrino experiments to geo-~
physical and applied sciencés. In later sections a specific
design of both the underwater array and the data acquisition
system is proposed along with estimates of costs for the associ-
ated materials.

A neutrino telescope, simulating the BATISS neutrino detec-
tor, is in operation at Western Washington University where prob-
lems of handling the cosmic-ray and electronic background and
time synchronization technigues are being worked out. The Soviet
Group is carryving out Monte Carlo studies regarding optimum array
parameters and detection efficiencies of specific Cherenkov light
module designs. The results of these studies will appear in
other publications and will be summarized in another edition of

the BATISS proposal.



The overall description of the BATISS experiment can best be
understood in terms of three major technological problem areas

which must be addressed by BATISS in order to insure a successful

experiment. These are:

1D The production of a neutrino flux with known characteris-
ties.
6

2 The c¢onstruction and operation of a 10 ton or greater

underwater neutrino detector.

(8]
e

The synchronization of times c¢f neutrino beam generation
with the times of recording of events at the BATISS detec-
tor.

The quality of the data and the degree to which the stated
problems (phvsics and geophysics) can be worked out depends heav-
ily on the technological framework of the experiment.

Sections 1-4 of this report describe the physics and geo-
physics problems acddressed by this experiment.

Sections 5-% methods of detecting neutrinos and their cross
sections.

Sections 7-12 describe the pfoperties of the neutrino
sources (solar flares and accelerators), detection techniques and
event rates.

Seations 13 and 14 give the design and layout of the experi-
ment.

~

Secticon 15 gives an estimate for the cost of the detector,



1.) Goals of the Experiment.

£

The goal of the experiment BATISS (an acronym for ZATavia -
ISSvk-Kul) is the experimental study of the nature of neutrinos
traversing large distances (on the order of TOM - 10" kilometers)
and large quantities of matter ( > 3.2 x 109 g/cmz). When the
source of the neutrinos is an accelerator (in the present case,
tne Fermilab accelerator at Batavia), the experimental studv is
conducted with a neutrino beam with a strictly controlled inten~
sity, energy, time of delivery and direction.

When the source of high energy neutrincs is solar flares,
the distance from the source to the detector is also kncwn, as is
the energy spectrum of solar neutrinos from a determination of
the energv spectrum of protons generated during the solar flares

[7-9]. Also known 1is the somewhat more complicated trajectory

(D

and distribution in the arrival times of the cosmic-rays in th
interplanstary field.

The neutrino beam produced by the accelerator protcns at
Batavia, Illinois, will be directed towards a deep and trans-
narent lake located in the USSR--Lake Issyk-Kul--where the neu-
trino interactions will be observed in a water target with an
fective mass of about H x 100 tons. The products of “he nu-
alezv» interaction of the neutrinos in the water will be deteabed
hy the measurement of the Cherenkov light they produce.

£

In additicn to the detection of accelerator generated

neutrinos, the data acquisition system will make it possible to

detect cosmic-ray muons at high energies ( > "0 TeV) and zlso0
opticzl-radiztion generated by other sources c¢f Cherenxzeov Lizht

such as tne decay products of nucleons.



Je have carefully consldered many possible sites for the
neulrino dstecior such as the arctlce, the cntarctic, ruret sound,
=lten at “he Zzhamas, the Facific Ccean and even the Treat Lakes.

ar e many variables which have to he taken into

1T, ion of =he Underwater HNeutrino Detector in Lake

(=¥ U s best.

le nunerate some of the factors taken into consider-
aticn for choice. :

2.1) uovurcse to Zetechor Jigtance:

Zdezlly 1t would be desirsble to find a location cn the
site side of the earth which would match the cosmic-ray
spheric neutrino source distance. A site in the antarctic
considered but discarded because of a lack of a stagling

and because 1t was in Tthe ocean where bioluminescence would

imporsa rt baciksround. At higher enercies (10 to 100 :eV)

ccelerator neutrinos will exceed the cosmic-ray
c. Coupled with hirher event rates the closer

E,
O O

RSN R R ER D DO e b

]

é

es are expected To yleld a better limit or measuvre of
illation lenszth. Lake Issyk-Kul to accelerator distance
t 3/4 of LFL ecarth's diameter (9,370 km) and is quite
ctorv from the maximization of tne source to detector
nelative to other "on-site" accelerator and neutrino reactor
exreriments the source to the Is S}L-hbl detector cdistance is:

a) Abcut 5,000 times grezter than for on-accelerator-site

locationg.

b) About 10° times greater when 2BATIS3S looks for solar

flare neutrinos.

c) Arcut 5,000 %imes sreater when atmogpheric cosmnic-ray

neuvirino_b are used.

S arout 18- reater 17 and when neutrince fror the

ralactic the source.
2.2) neuirlino Jar-et Lass Ustector:

Compared to the larzest on-cite neutrino tarset mass de-
tectors the BATISS detector will be 4,000 times zreater. Th
detector cost will bhe less than most of the large scale on-site
accelerator neutrinc det ra and will have sufficient resolu-
wioo o To 4o U wronoosld zlcs

Jurrent uvundercround Ty
a Le us:d in lons Ttas ne

ofronoeTout oa o« sk £

' Sete) LA anpr
veculiar
ceesn Ccu
Cnce the
ny raes.
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>.3) Zavironmental Sactors:
Flacement of the detector in an area where weather condi-
tiong are mild reduces the cozt of field operations.
9! sle it is possible to operate the detector in the
1ds, but as hag been pointed out by Frolfessor
d the Arctic ice 1s in continuous motion, discouragzing
ne a location for the neutrino detector.
In Auzust 1970 a second locatlon, Lake Baikal, was considered.
This variant would also have many disadvantazes comparsd to Lake
Tesyi-Eul, viz., that in the winter the winds are very stron: and,
Jur 'y the ice is in motion, freguently breskins up throuchout
ite . Cnly a few mcaths during the summer are available
~or

”he Issyk-rul site enjoys favorable conditions of weather
and zeogr phlp location. Lake Issyk-Kul does not freeze in
winter and therefore it is possible to work year-round at the
site. Also, the Icsyk-Ful site is "below" the current neutrino
bezn line.

A shallow water site in Lake Michigan was also consi
Such a site may be useful as an intermediate location tef
Tull bending of the beam.

2

dered
ore

t will carry out a search for
T about 539 from the axis ci
‘he flux of neutrinos may be larger
since neutrinos from decayinz
senerations in the hadronlc
ar spread which rise to
1 interesting pr okl neu(r+
~1 b ig that the re Tilux of
nos compared T center  may he 1 orders
uds richer {because of <he hizher transv > TLOMENTUN
varent 2° and P mesons) and will provide a cleaner bea
search for tau neutirino oscillations and decays.

The ilroacs, hicghwave, alrilelds znc
rorts to i fr sed Issyk-Kul detector site allows
Tor inexpensive and rapid transport of heavy equipment and
supclles.

=4 ng gquarters and laboratory mmodationg ax
: the lake ghore staring area. Uhe city of
echnolo~y cz2rter lg less tha Lo
site and can easlly support
sks for 1lmrzlementation of 1
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Zyo) Japter Claritw:

“inally, Lake Issyk-Kul meets the necessary physical
Tecuirements for the ﬁi”enhlor the water clarity and depth
regulred for the operztion of =z large scale neutrino tar—:et mass
detector. The lalke has larrwe regions which are about 700 meters
deep. It 1s about 100 miles lons, 40 miles wide and is as clear
&3 ¢igtllled water with ahsorption paths of Cherenkov 1izht as
lon~ zs 50 meters and 30 to 20 meters near o the surface.

3

Del =t 1s designed to carry out important
TR lcs experinments and also provide basic data
Zor UCpHﬂ ;1es as summarized in the preface. This section
points cut some interestingy physics problems which can be
addressed in a unlque way by 2ZATISS.

W

.1) Cscillation of the Neutrinc

Heutrino oscillations were first postulated by Bruno Fontecorvo
nd 1957 to explain the lack of nuclear reactor neutlrino inter-

2rou
c in the early ~avmond Cavis, Jr. experiments. Since that
i second neutrino, the mu neutrino has been discovered and
' metantial evidence from the wmartin Ferl, etal.
at SLAC peoints to the istence of a thira. iany
neve been rostulated v "Fﬂch predict transformatlions
¢ amonzst themselves. The }auc1ty of solar neutrineo
¢ in the Homestake .o0ld liine solar neutrino detector
counled with the development of a new class of 3rand Unification
theorizs which favers neutrinos with masses has provided a power-
Tul impetus for implementation of the ‘Aizss experiment. Neutrin@s.
{cr osgcillation) would provide a natural and Yesutiful
: to the lon standins solar neutrino puzzle andé would
akle data for further dev elojlenu of theoreticzl
rrand Unification.
1y, 901llat orng mi~ht arise when neutrinos

ags rormal weak interactlons can take vart in a new
cle interactions havinz nonconserved lepion number .
S : . would provide a natural resolution to the lone
standing solar neuirino pussle [13). In these



theories the mass of the neutrino is not zero, and the state
vectors [ve>,§v > are themselves a superposition of state
vectors of neutrinos with non-zero masses. For the case of two
flavors

Vo> = aplvy> + o8 fvye

Iv. > = azivl> + 82{v2>

where > and Jv2> are the eigenstates of the two massive neu-

)
1
trinos. The results for the mixing of three types of neutrinos

has been worked out by V. Barger, et alj 29 ], If, as a result
of some kind of weak process, a vu beam is generated with a well-
defined initial state, then at great distances from the source
such a beam might be composed of a coherent superposition of
muon, electron, and tau neutrinos. The oscillations are depicted
as follows:

) v v.ooZv Vo2V L e e e e e e e e e e e s (D

p < Ve u T e T
It is necessary to note the following:
1) The difference in the masses of the states Vi, Vo and
V3 might be comparable with the u,, vy, and'\)T masses.

2) The oscillations of neutrinos may be either maximum or
less than maximum. The amplitude for oscillations in neutral
xaon beams is found to be maximum.

'3) Given an initial beam of only one type of‘neutrino, at a
later time the beam will consist of as many as three types assum-
ing the v. exists, and more if others exist.

Presently, there are several theories [10] of neutrino
cscillations which predict the transition rates, W, for oscilla-

tions between vg andxhlat a distance K between the source and.the



neutrino detector:

. . 1 .2 R
MV . (R) = %v 'y (R) = 5 sin 29(1-COSZWE) A 23
e u U e
- 4ﬂﬁPc2 .
where L = v ™, is the oscillation length, P is the
[mi - m;]c
1 2
rmomentum, and 8 = degree of mixing.

As follows from the theory, oscillations might be observed

best when L < R. Let M- = fm%

L = Urhe PC/MZCu N S T-9)

- m2| -
m2{ then

Put<ing in the numerical factors we have

L = 2.5 Pc(Mev)/Mzc”(eV)z. O 1))

When Mzcu s 1(eV)2 and neutrino momentum is equal to 1 MeV,
10 MeV, and 1 GeV, the oscillation length is equal to 2.5 m, 25
-m, 2.5 km, respectively. From Equation (3b) it follows that the

effect of oscillation might be easily observed if:

Mzc4 > ?C 2.5 o oo v e e e e e e e e e e e e e e (4)

In experiments to search for neutrino oscillations it is

desirable to minimize the momentum of the neutrinos Pmi and

n’

maximize the distance between the source and detector Rma The

X.
characteristic sensitivity of experiments in search of oscilla-

tions is given in terms of the parameter [11]:

M2 ~ 2.5 Pmin
Min ® 22 ¢ T €5 )
max

The parameter Mmin for various neutrino sources is given in
Table 3.1. This table shows that the sensitivity of theé proposed
sxperiment would be two or more magnitudes greater than the pres-

ent experiments [12, 20].



Table 3.1

The Neutrino Oscillation Sensitivity Parameter

for some Neutrino Sources.

2 2
Source- Pmin(MeV) Rmax(meters) Mmin(eV)
Detector
Batavia 5 x 10% 8 x 10° 1 x 1078
Issyk Kul
Solar Flare 2 x 107! 1.5 x 10%t 3 x 10712
Issyk Kul
Solar Flare 10° 1.5 x 1071 2 x 1078
Issyk Kul
EXPERIMENTAL LIMITS [35]
Baksan
1.4 x 10° 1.2 x 10’ <6 x 1073

Cosmic-Ray vy




One possible method for determining the existence of neu-
trino oscillations consists of comparing the average intensity of

observed neutrinos of a given type with the intensities expected
‘n the absence of oscillations. This comparison is facilitated

in an experiment of this type where the source spectrum and the

Intensity is known.

3.2) Decay of the Jeutrino.

There are now strong theoretical arguments that the neu-
trino is not an absolutely stable particle as was thought several
years ago. On the experimental side, in 1980 a report appeared
in the Soviet Union by V. A. Lybimov et al. on the experimental
determination of the mass of the electron neutrino. From a
measurement of the end point of the 8 decay spectrum of Tritium
i% was reported to be about 25 eV [12]. A similar result (20 eV)
has also been obtained by Simpson for the same process [22].
Although these experiments demand further confirmation, neverthe-
less, if one allows the mass of a neutrino at rest to be greater
~han zero, then, for example, in addition to an oscillation the

neutrino might decay in the following manner:
Vo LA A €))

vy ”
The probability of this decay [11], has been calculated from the
fundamental theory of weak interactions with neutrino mixing, and

is given by thne equation:

2
AP G m; sin“gcos”e® || . . . . . (7))
L2 16 1281° 1L m?
Yere m, and m_, = masses of the muon and the intermediate vector
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boson respectively. Additional decay modes of massive neutrinos

have been investigated by Kolb and Goldman (30].

3.3) Neutrino Scattering - Angular Distribution.

In the proposed experiment it will be possible to determine

the angle of scatterihg of neutrinos from nucleons, and alsc to
obtain information about the parameter
M2 = ]m% - mgl

The neutrino scattering angle can be calgulated from a knowledge
of the neutrino eﬁergy and the measurement of the hadron shower
axis. Further the detector can measure the average angle of
particles from the hadronic shower and the charged-current
component. See Figure 12.1-2 for a brief discussion of the
kinematics.

3.4) Possible Observations of the Birth of Heavy-Charged-Leptons.

Because of oscillations, if a neutrino of a new type such
as v, is part of the weak current together with charged heavy
leptons, and if the neutrino field is entirely mixed, then it may
be possible to observe the interaction of heavy charged leptons
using a technique suggested by [31] if high resolution of the

shower axis can be obtained by the BATISS detector software.

3.5) Unpredicted Phenomena.

It is necessary to note that in new experiments, there have

frequently been found new, unknown, and unpredicted phenomena,
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e ruS wLudy UL HNLISOLIODY OI Losmic-Hays in Regions of Energy

Greater than 100 GeV.

Project BATISS will detect particles from both the upward
anc downward directions. Muons detected from below are generated
by the charged-current interaction of accelerator, atmospheric
and cosnic vy with the water in the lake and the lake bottom.
Muons from the upper hemisphere will be predominantly of cosmic-

ray origin via one or more secondary processes. Monitoring the
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direction of particles arriving from above, i£ is possible to
determine the anisotropy of cosmic-rays in the galaxy in regions
of energy > 101 Tev. Taking into account that particles will pass
through various thicknesses of water depending on the angle of
arrivél, it will be possible to calculate the dependence of the
anisotropy parameter on the energy of the cosmic-rays:

Ii(E) - Ik(E>
A<E)=21i(E)+Ik(E)..................(8)

where I;(E) and I,(E) are the cosmic-ray fluxes from the

directions of i and k.

4,) Geophysical Problems.

From the measurement of global ( = 109cm) distances with
uncertainties as small as tens of millimetefs in this experiment,
it will be possible to determine and study?

a) The relative motion of the American and Eurasian tectonic
plates.
b) The lowering and raising of the lake floor.
¢) The other periodic and aperiodic changes in the source to
neutrino detector distance.
d) The possible change of the gravitational constant with
time.
The high precision measurements of the short-term variations in
the source to detector distances may also be useful in the study

of earthquakes [6].

5.) Methods of Detecting High Energy Neutrinos.

Accelerator neutrinos have been exhaustively studied in all

of the major laboratories of the world. The typical charged-
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current interactions of high energy neutrinos with nucleons are
the inclusive reactions:

v + N->h+u . . . . . . .. sy 09)

Ve + N>h+e . . . . . 00000000 (9D

where h are hadrons.
The typical neutral-current interactions of high energy
neutrinos with nucleons are:
v + N->h+v e e e e e e e e e e e e e e,
u U (10a)

Ve + N -~ h + L . (10b)

As a‘result of reaction (9a), high energy muons are created,
carrying away on the average about one-half the Iincident
neutrinos' energy and the other half going into a creation of an
electromagnetic-hadronic shower (EMHS).

These 1interactions may be detected Dby observing the
Cherenkov radiation emitted by the newly created relativistic
chafged particles which arise from the initial interactions of
the neutrinos and the secondary and higher generation processes
in the transparent water. Lake, sea, or ocean water may be used
as the neutrino target detector media. The ocean water has a
very serious background, viz., bioluminescent light. Cherenkov
radiation can be easily measured with the help of
photomultipliers arranged in the water and reliably protected
from background sources of light in the case of lake water (or

deep mines).

6.) Cross Sections of Neutrino Interactions.

An important feature of the interactions given in Eq. (9)

and Eg. (10) is that the neutrino-nucleon cross-sections increase

with the energy of the incident neutrino in the interval of
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energy from 1.5 GeV up to 150 GeV [13].
The charged-current cross-sections for the interactions of
neutrinos with protons and neutrons can also be given in terms of

the quark structure functions:
2

a%s - G"2mE, ( 2-
& (vUP*U h) = — Ld“(X) + (1-y) up(X)]x .. . . (1lla)
r
120 i G*2nE, ””
dxdy (Voo R) = ——— (dn(x) + (l-y)’un(x)Jx . . . . (11b)
where:
X = Qz/(Zm(EV - E, )) is the Bjorken scaling variable,
y = (Ev - Eu)/EV = Eh/Ev energy carried by the hadron.
Q2 = 2E_.E (1 - cos 6 ) negative of the UY-momentum transfer
Vo oH VH squared.
d (x), d (x) are the structure functions for the down

p quark ‘In the proton and the neutron respectively.

&p(x), o (x) are the structure functions of the anti-up
quark§ in the proton and the neutron respectively.

E is the energy of the incident neutrino.

E is the energy of the muon generated by the charged cur-
H rent interaction.

is the angle between the vector momenta of the incident
neutrino and the resultant muon,

G” is the Fermi coupling constant.

m 1is the mass of the nucleon.
At low U4-momentum transfer the quark composition of the proton
and the neutron respectively is:

p = uud,n = ddu.
The cross sections for neutrinos and antineutrinos on protons for

E,” 10 GeV are:
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[0.714 £ 0.036] x 1073% em® E . . . . . (12a)

a (v p)
u

[0.371 « .019] x 10738 en® B, . . . . . (12b)

s(v-p)
u

where ¢ 1s in units of cm2

, and E, 1is in units of GeV [24].

The energy independent part of the cross section for the
interaction of high energy neutrinos with protons is about twice
as high for energies (Ev >10 GeV) as it is for lower energies
(E, <10 GeV).

More recently, an exposure of 15 m3 (2.2 tons) of deuterium

to a neutrino beam produced by 5 X 1018 protons of 350 GeV energy

at the Fermilab [23] has shown that:

50 GEV . . . . . . . (12c)

U{\)Un)/o'(\)up) 2'03:{: 0.28; E\)

UWO GEV . . . . « . . [(12d)

cﬁpn%@(ﬂﬁﬂ = 0.51 * 0.16; E

in agreement with the model co¢f the quark composition c¢f the
nucleons.

Taking into account Equations (12a, 12c) we compute:

O(v,Z2,8) = (2A - ZP(Vph . . o L e e e e e e e (13)
Taking for example A = 18 (water) Z = 10 and considering a beam
of neutftrinos of energy Ev = 50 GeV (which is not the maximum

produced by the accelerator) we get
“L(A = 18) = (26) x 0.71 x 10738% 50 = 9.23 x 10-3%en®, . (14)
The mean free path, Xv , of neutrinos in water is given by:

Ty = 4,0= 9/(13Na(vp))-

where N = 6 x 1023 nucleons/gram of matter and T,,is the mean free

2. s

pazn in gm/cm Thus:

T, = 1.6 x 1014 gm/cm2 s e e e e e e e e e e e e (15)

R, ( GeV)
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Assuming that the v cross section continues to rise linearly with
the energy then the mean free path of neutrinos with an energy of

22 TeV in matter of density 5.52grams/cm3 is the diameter of the

earth.

7.) Accelerator-Neutrinos.

7.1) Production of Accelerator-Neutrinos.

The beam of accelerator-neutrinos is formed from beams of

pions and kaons, as a result of their decay.

-l

v ()

m >

u \)u\)u ..l'.'..l.....ll.l(1‘6)
* + -

Ke-um 4+ v () O G A
The major fraction of the neutrino beam is composed of neutrinos
which result from the two particle decay processes of Egs. (16)
and (17).

The dynamics of two particle decays are well known, and in
particular the momentum of neutrinos in the center of mass coor-

dinate system is:

oM
\)=Ev=—'m;— v s s s & s e 5 s s s e s a4 s e e » (18)

where MO is the rest mass of the pion or kaon. So, for reaction

(16) E, = 0.037 GeV and for reaction (17) E, = 0.233 GeV.
In the laboratory coordinate system, the momentum distribu-

tion of the decay products is given by:

.‘.L_ Sl._I:]. = L_ = Constant . . . . . . . » . . . . . . . . .(19)
N JE 2P P
v
Where N, the number of neutrinos with momentum P, , is

bounded by the limits:

5 - 7 B E D I @1
volE, = Py < BEj < (B, + P (20)
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and Yo is the center-of-mass Lorentz factor. Using Eq. (18),
) M2 _ w2
C) <_ E S ZY P = Y _9'8—7\—/1—-1:" ’ . . . . . . . . . . . . (21)

o v O L.
(e}

assuming that the mass of the neutrino is zero.
The maximum energy and momentum of neutrinos are dependent

on the energy of the parent particle:

(EX ) max = 0,95 Bg « v v v v v v v v o v v e .. s (222)

i
(E,) max = 0.43 Eﬂ. e 0222 )
The maximum flux of electron neutrinos is several percent of the
total beam and occurs mostly in the channel:

K> e+ 1 + Ve v r s e e e e e e e e e e e e e (23)

For initial energy spectra of pions or kaons W(EO) it is

easy to find the energy spectra of neutrinos.

. 2M W(E )
28 S p@E ) = =0 N €25

. v o)
N dEv 2Pv Po

The energy spectra of neutrinos, generated in the above manner,
for energies up to 20 GeV [1] are shown in Figure 7-1. For beams
of neutrinos of energy greater than 20 GeV (such as are produced
in the Fermilab [201]) the energy spectra are shown in Figures 7-
3, reference [25], and 7-4, reference [26].

The break in the neutrino spectra is the result of contribu-~
tions of neutrinos from the channel denoted by Equation (17).

The spectrum of neutrinos producing muons emerging out of a

.ground target is shown in Figure 7-2.

7.2) Neutrino Beams from Accelerators.

Neutrino beams are generated in the following stages:

1) Protons, accelerated in an accelerator, impact on a thin
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Figure 7-1 ENERGY SPECTRUM OF NEUTRINOS FROM A 70 GeV ACCELERATOR
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Differential Spectrum of Interacting Fermilab
Neutrinos Producing Muons Which Emerge From
the Berm at the Bubble Chamber Site (1.4 km
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target generating a secondary beam of hadrons.

2) These secondary hadrons are separated by signs of charge
and by momentum with the help of a magnetic transport system.

3) Monochromatized secondary particles are fed into a decay
tunnel (0.4 km in the case of the Fermilab N@ beam) where the
reactions in Equations (16) and (17) take place, and the neutrino
beams appear and propagate through the tunnel.

4) The mixed beam falls on a thick filter which absorbs the
remaining hadrons and muons from decay }eactions (16) and (17).
At the accelerator, beams are created with a wide range of band
widths. In the wide band beams focus is obtained with the help of
"magnetic horns" which select particles of a like sign of charge.

Narrow band beams are formed from specially prepared chrom-
aticized beams of hadrons and are subsequently focused. After
the second focus and momentum selection, the beam has a narrow
momentum spread Ap/p ~ 0.05 and a narrow angular divergence of
0.74 milliradians. The overall intensity of the narrow band is
100 times less than the wide band, but it is several times mnore
effective due to better angular and energy characteristics.

The intensity of wide band beams in the interval of
2 x 10-3 radians consists of 1010 neutrinos at an average energy

of about 50 GeV [141].

7.3) Transport of the Hadronic Beam and its Collimation.

A neutrino beam directed towards Lake Issyk-Kul will be
obtained by bending a collimated beam of secondary hadrons which
are transported and decay into neutrinos and other charged par-

ticles in a vacuum decay tunnel.



The length of the vacuum tunnel should be no less than one

kil ometer with a radius 15

20 centimeters.

If

there 1s no vac-

uur:, &the neutrino bpeam weakens by a factor of three because of

degradation in energy by interactions of secondary particles with

air nuclei in the decay tunnel.

.} Cosmic-Ray Neutrinos.

8
8..) Generation of Neutrinos by Solar Flares.

A detector with a mass greater than 106 tons allows the

detection of muon neutrinos generated by

intense sclar flares.

The neutrinos arise from the interactions of protons, accelerated

to high energies in solar flares,

so.ar surface. Detection of solar

with atomic nuclei

near the

flare muon neutrincs makes it

possible to search for neutrino oscillations with pericds of sev-

ral minutes, and also to study questions of the physics of the

solar flares such as the time for acceleration of particles to

high energies during flares;

corcna, and other questions.

As was noted by
the magnitude of the

tral, which 1in turn

B.

E.

the time of their diffusion in the

Pontecorvo (private communication),

flux of muon neutrinos from the sun is

flux of

are

easily

observed

other partic.es,

in

charged and neu-

particle

experi-

ments. Taking into account that for muon neutrinos generated by

the channel in Equation

we ncte two special classes of solar flare events,

(167,

n_e sile of the sclar disc.

the

intensity

he intensity of photcons generated in the reactio

is aporoximately

ns

. (25)

those from:

> <he generation of protons emitted from flares on the vis-
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b) the generation of protons from flares on the opposite
side of the solar disc.

Case b) is more favorable for detection. The solar flare
particles generated on the other side of the solar disc produce a
sharper pulse of neutrinocs. However, those which come to the
earth from the visible side disperse in the interplanetary
magnetic fields arriving in a wider time interval at the earth's
atmosphere, thereby producing a wider and more diffuse beam of
neutrinos, with a lower signal to noise ratio. ‘

The number of neutrinos from flares on the opposite side of

the sun will equal:
Nw(Ew) Nv(Ev)

. e e e e e e e e e oL (26
Np(,E) N _(E)

N. (E = N (E
Ny(E) = N (®)

where ND (E) = differential spectra of protons generated during
solar flares [1]. P%_ and Nv are the number of pions and the

number of muon neutrinos respectively.

The estimate of muon neutrinos is carried out by assuming
an isotropic distribution of protons during flares and assuming
that the energy spectra of the protons at the source can be writ-

ten as:
-y
N = NO
N, (E.) p AE, e (27
where Ns = total number of protons generated frcm a solar flare,

T

Eo is the proton energy and y 1is the spectral index. Let

f(ET,EO) be the probability of a proton of energy EO producing a

pion of energy Eﬂ
N Y 70 'JT
WEY =" NEIEEL ED [ Ey L (28)

E
R o
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Then :
N_(E_) AE-Y
TO T = T Juy_lf(u)du e e e oo (29)
N 1 + v
P
u = Ew/Eo; Jf(u)du = NTr e 10D
. . " Oppe— -1 =2
(N /%) = N (B ONOAE V= <%ﬁu7’ >z 3x107°(v = 3) . ... (031

Ananalogous calculation gives:
| N, (>0.5 GeV)/N_(50.5 GeV):(1/y)(2E§/Mﬂ)Y-126x10—2(y=3)“,(32)
and from (31) and (32):

N, (>0.5 GeV) = 2x10'3N§ (>0.5 GeV) . . . . . . . . . .. (33)

In such a manner the integral flux of neutrinos with energies

reater <than 0.5 GeV generated during solar flares, will lie

03]

within the limits:

N, (>0.5 GeV) = (1023 » 1031)
corregsponding to the integrated flux of protons for typical
flares cf:

Ny (>0.5 GeV) = (1028 - 1034)

9.) The Event Detection Rate.

-

9.1) Geonetry of the Neutrino Beam in the Locale of the Detector.

The sensitive volume of the detector is 180 x 180 x 180 m3,

where %the height is 180 meters. The area of the detector is
A, = 32,400 m2, and its radius is R, = 100 m. Wide-band beans,
having an zangle of dispersion 2 x 10"3 radians, will appear as a
circular spot of radius Rpax & 2 x 10'3 X 9 x 103 km = 18 km from
.the axis of the beam, so that the area of water illuminated by

the beam is A, = 1018 km°+ The portion §W = A /A intercepted by
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2

SW, = 3.2 x 10°2 kn°/1018 kn® = 2.94 x 10”

> . (34)

For narrow-band beams the portion 1intercepted will be
greater because the angle of dispersion ep =1.4 x 10"u radians is

smaller. Thus Rmax = 1.31 km.

sw, = (3.24 x 1072km®) /(5.41 km2) = 0.60 x 1072 . . . . (35)
Thus, the fractional number of neutrinos in the narrow-band beam
intercepted by the detector is about 200 times more than those
intercepted from the wide-band beams. Since the total number of
neutrinos in the wide-band beam is about 100 times more than the
narrow-band beam, the number intércepted from the narrow band
beam is about two times greater at the same average energy than

from the wide band beam.

9.2) The Number of Interactions in the Detector from Accelerator

Neutrinos.

Using the estimates giQen by Equations (34), (35) and the
result in equation (15) it 1is possible to find the number of
interactions in the detector with the area stated in Section 9.1.

For each calculation there are two variants of the neutrino
detector geometry and two variants of the beam. As an example we
discuss the case when the height of the detector, h, is 30 meters

with a wide-band beam. The probability, P;,

of a neutrino inter-

cting within the array is given by Pi = hﬁrv whefe Ty ! the neu-
trino interaction mean-free path is given by Equation (15). Then
the number of muons per pulse from (50 GeV) neutrino interactions
is given by:

'Nu = <Iv)8 5Ww(3-103 gr/cmz)/(S.Z x 102 grams/cmz)

= (Iv>8 8d, 0.94 x 10"9 N 1))



where ¢W_ is the fractional portion of the wide-band beam inter-

y O

vig = the number of neutrinos per pulse

cepted by the array and (I
in the wide-band beam around the beam center.
Then:

N o= 1070 x 0.29 x 107% x 0.94 x 10-9 = 0.00027 % /pulse..(37)

L1

UW

For a detector 6 X larger (180 m) the rate increases to
1.4 x 10-3 u/pulse.

Discussion of the case of a narrow-band beam:

3

3 x 10 -9 -

N = (1)° s =(10% x(0.94 x 107°) x (0.60 x 10
HI vin 330t o n 100

2

- 0.56 x 1073 W/pulse
These estimates are consistent with scaling the event rate from
the Bubble Chamber site to the Lake Issyk-Kul target (6 Megaton).
Tnis gives 1.7 x 10-3 urs per pulse (consisting of 1013 protons).

Daily Rates:

If the beam pulses are delivered every 15 seconds, and
taking into consideration that in 1982 and 1983 the energy of the
proton will increase about two and half times and since the cross
section of the neutrino interactioh is proportional to the
energy, the rate will increase by at 1least two and a half
times. This 1s because the multiplicity of charged particles
giving rise to neutrinos slowly increases with energy (as logE).
Then the number of events to be detected will be increased at

“east linearly with the energy. We estimate that
.= (2.5} x .56 x 10-3 x 5.76 X 103pulses/day; 8.1y 's/day. ..(38)

will be generated in the 1 megaton array. In the (180)3m3 full

scale "calorometric" array the rate is increased to 48 u 's/day.
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Additicnal muons will be generated in the portion of the
earth immediately below the lake bottom. Scaling the (3-210u's
per mz—pulse of lO13 400Gev protons on the NZ tarzet emerging
from the berm at a point 1.4 km from the NZ target, will yield
l.l-+3.3x1C°8u's per mz-pulse at Issyk-Kul 9,370 km from the Ng
target. Hence over a detector area (180 m )%% (19-62)u's per day
should be observed emerging from the lake bottom for accelerator
cycle times of 10 seconds and beam intensities of lxlolju's per
pulse. A decay tunnel and a beam intensity 2.5x higher would tend
to increase the rate to 120~»390 u's per day.

The ratio fu of muons emerging from the lake bottom to the
to the number of muons generated in the neutrino water target
can be estimated by noting that the average energy of the interac-
ting neutrincs is about 80 Gev (Figure 7-2) and about half the
energy goes to the muon in the charged-current interaction. jy ence,
the effective lake bottom neutrino target thickness is the range
of a 40 Gev muon in earth.

Thus the ratio fu is given by:

fU.:‘DeI\u/‘Pwh QICQOl“lln.l.l.lll....'.l'!l'0'!ll.'.l(38)
where: h is the height of the detector in meters.

‘Pe is the density of the lake bottom earth.

R, is the range of the 40 Gev muon in the lake bottom,

u _
P is the density of water

Taking the ionization loss of the muon as 2.2 Fev /gm/cm2 in the
lake bottom,ﬁg = B.Ogm/cm3 as the density of the lake bottom
earth and h = 180m ( the calorometric version of BATISS) then:
f, © 1.2 Y 6 1D -
For thinner versions of the BATISS neutrino detector,the ratio
increases as the inverse power of h. A thin array would be
more efficient for detecting the charged-current component of
the beam interactions Dbut would not be able to cbserve the
momentum dependence of neutrino oscillations.
In all of the versions of the neutrino detector the number

of muons emerging from the bottom is greater than the array event:
%.3) The Number of Interactions in the Detector from Solar Neutrinos.

By uvcing a method analcgous to that used tc cbtain eguations

(31) and (32) we can find the number of muons generated during
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the pericd of a flare and detected by the underwater array.
Instead of a beam of protons with a constant energy as 1is the
case in an accelerator, the differential spectrum of protons in
sclar flares giving rise to muon neutrinos is a power law spec-
trum dN = KN% EY dE. These protons produce neutrinos in the
solar atmosphere in nuclear interactions.

The number of nuons, Ny, generated bty the high energy solar
.neutrinos and detected in the water target is [1]:

dN (E) N_(E ) S
2 _ v VO det
a(dkp(nu)) = v (o + hdet)UvNAdEv

dE Nv(Ev) AﬂRsolar
Where
2 .
5 = % E and N = 10 B“NO when the snectral indey,
v,=3andNU:10'34Ngwhenv=5.............<39)
where ¢ = path of muons in the ground target, h is the height of

the detector and N, = 6 x 1029 is the total number of nucleons/m3
in the water target detector.

For flares in which the number of high energy protons gener-
ated 1is K = 1033 €>1O3u, between one to one hundred neutrino
events will be detected respectively.

It has been estimated that the frequency of such solar flares

is about one per year [11].

10., 3zckground.

10.1) Mucn Cosmic-Ray Background.

252070

L

ne

[¢4]

of the muon beam intensity on the thickness of

&)

™
T

M

eartn traversed has been studied by several groups [19]. At a

depth of 500 meters of water the intensity of cosmic-mucns is
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dN (5 x lOugr/cmZ)z 7x107% (em®-sec-str) ™"
In a detector of area S = 1080m2, the rate is:
N, =7 x 10°u's/(sec-str.)
for an area, S = 3.4 x 1O8cm2:

N, = 2.4 x 103 uts/(sec-str).

Taking into account the fact that fluxes of muons of cosmic-
ray origin, including those generated by cosmic-ray neutrinos,
will be distributed uniformly in time whereas the neutrino beam
from the accelerator is time modulated.such that its charged-
current muons can be gate-selected allows almost complete elimin-

ation of the cosmic~-ray background.

10.2) Neutrino Background.

The limits of the cosmic-ray neutrino background for vuare

shown in Table 10.1 [1B].

Table 10.1 Flux of Neutrinos from Cosmic-Rays

E, (MeV) Flux (c:m2/sec)"1
)9
> < -4
> 100 <7 x 10
> 1,000 <5 x 1070
210,000 <5 x 1077

The flux of cosmic~-ray neutrinos is - about the same as
the flux of cosmic-ray muons. The fiux of antineutrinos
would usually Dbe 1less than that of neutrinos and in any

case would not exceed the bounds in the table. The flux from
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the beam over a 20 u©s (single turn fast spill at FNAL) time gate
will be many orders of magnitude larger. This can be seen from a
comparison of the spectrum of accelerator neutrinos, Fig. 7-3,
with the spectrum of cosmic-ray neutrinos given by 40.a,b,c,d below,
The standard spectrum of cosmic-ray neutrinos is approxi-

mated by the following analytical forms [19]:

4 .
I, (B)) = [1.85 x 1072(0.08 + E\))'z'8 (1 > 10GeV), . . (40.2)
\% <
6.65 x 10°°(1.1 + Ev)‘3'2 (10 + 100GeV) . . (40.b)
I, () = [7.65 x 1072(0.37 + E)7>""° (1 » 106ev) . . (40.2)
v )
1.48 x 10‘2_(3.5 + E\,)"u'5 (10 -~ 100GeV), . (40.4d)

where I (R)) and IU (Ev) are the differential spectra (in units
v v
of the number of neutrinos/(cmzsec—stP-GeV) which rise from =

and ‘U decay respectively.

10.3) Natural Radioactivity Background

This background is generated by the Cherenkov light produced
by decay products of trace radiocactive elements dissolved in the
lake water. It is produced either directly by electrons from
Beta decay or by Compton scattered electrons. The radioactive
background can be greatly reduced bf requiring two or three-fold
coincidences among adjacent modules. The probability of chance
coincidence is small because the natural radioactivity' of the
lake is not great. Further discussion of the natural radiocactive

background due to specific isotopes is given in reference [27].
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11.) Synchronization of Detector and Neutrino Source Clocks

During the winter and spring of 1981 the BRISK-BATISS
Neutrino Telescope at Western Washington University was operating
with a source-detector event clock synchronization of + 18 ms.

An inexpensive technique was developed to transport time using
the telephone. This level of accuracy is theoretically useful
in reducing background in the telescope due to chance coincidence
by single cosmic-rays to about 1 event per year for four-fold
coincidence events. Rates (%50/day) of four-fold coincidence
events were observed,most of these are due to air showers.
Large variations have been observed depending on whether the
FNAL or the BNL accelerators were operational. These results
of the feasibility study are discussed in the attached paper:
*Search for Neutrino-Like Events 2,750 km from the Source"”
(their exact nature is, however, unknown) which repofts an
excess of about a few neutrino-like events per day when the
FNAL is operating. '

11.1) Synchronization Constraints for the Experiment.

Since most of the electronic modules chosen for this experi-
ment have about one nanosecond rise time ébilify, a system of
recording clocks, drifting by no more than one nanosecond in-
between times of che¢king of readings of source and detector
clocks,are needed to optimize the physics. If the checks are
made once daily then clocks with a stability &t/t = 1.2 x 10"14
must be used. If the stability is better:than 10—14 longer
intervals between checks are possible--a highly desirable
situation. '

The initial feasibility studies were carried out with the
assistance of Carroll 0. Alley and his Quantum Electronics Group
of the University of Maryland. We feel confident that, properly
funded, the necessary levels of stability can be achieved by their
group in this experiment.



- 35 -

11.2) Mass of Heavy Neutrinos from Delays in Transit Time.

Let tY be the transit time for a particle traveling at the
speed of light. Assume that a neutrino, under study, has rest
mass E, and therefore will travel with a velocity v which is
slower than the speed Qf light in a vacuum. . As 9usual
let B = v/c. Let L be the distance between the neutrino detector
and the neutrino source.

Then the relation between the transit time t,, of a heavy and

Ly of a massless neutrino between the same two points is:
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£t o= B T P (41)

Then the difference in the transit time At between the

heavy neutrino and the massless neutrino is:
1
- — - ——1)t -...-...-.......(42)
bb o=t -t (5 y ‘

In this experiment we propose to measure At and derive or
place an upper limit on the mass of a heavy neutrino. Once At
is measured B can be found from (42) above. However B is related
to the rest mass of the neutrino and its total energy by the

relationship:
o - 2
B—V-(EO/E\)) R X

where Ev is the energy of the neutrino which can be determined

from the measurement of the hadronic shower and the energy of the
‘muon.(from the range and from secondary electromagnetic inter-
actions) and can be as low as the minimal detectable energy of
the neutrino. Let Eo/c2 be the rest mass of the heavy neutrino.

In the case where Ev>> EO we obtain by a Taylor series expan-

sion of (43) and use of (42):
E )2 E 1?2

(E
f‘2=jE-E-9J(uu)
AV) AV,

t
y

At -

1t

.

For a chord line distance of 9,370 kilometers, a tau neutrino

ES

with energy Ev = 2 GeV, and a rest mass EO = 10 MeV we have a
very long delay, viz.:
At(ns) = 390NS « v 4 v 4 4 e e e e e e e e e e e e o« . (hba)

A& 500 KeV rest mass neutrino with 2 GeV total energy will lag 1

ns behind a bucket at the location of Issyk-Kul.
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In general, solving (44) for £, we have

2 e
EO - E\/ —CLAt . . . . . . . . » . . . . . . . . . ‘. . (43)
Inscfar as the uncertainties in the measurement of EO, E, , 4t

and L are small compared to the quantities themselves then the

fractional error in Eg4 is given by the relation

SEy = SE 1 sat 1 6L e e .. ... .. (h5a)
Eo E, *7% 7 T
, §Eq .
Here,. the error T depends on the errors on the right and the
o

latter are dependent on the muon and hadron shower energy deter-
minations, time measurements, beam conditions and geodetic
measurements.

In general we will measure to2 the time difference of the
event from the nearest bucket. However, the true transit time

difference will be:

Atz = tQ)Q/ + QITRF . . . . . . . . . . . . . . . . . . . ()..'5:))
where % is an integer to be determined and Tpr = 1.3 ns the
Radio Frequency period--the time between buckets. The 4t c¢f a

second interaction, which fazlls out of {fhe bucket time window,

will be given by:
Atpn = tap #+ DTRF « + « « « + + ¢ v v« v o v v o o o . . (H5e)

I7 tne beam consists of only ¢ne hneavy neutrino, both events must

give the same E, in equation (45). Equating the two solutions to

—

.5) we can find the integers n and % by solving the following

ation:

ot

€9

n = a + b/Q . . e e s e PO . . « e « . . . . . . . . (45@)
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where a and b are determined from the experiment and are given
by

) _
A/Evn) <toR/TRF) h (ton/TRF)

b: (E\JP/E\)H)Z

The smallest pair of integers 2and n satisfying (45d) is taken as
the sclution te (H45d) which in turn gives the transit time delay
from equations (45b) and (45c). The transit time delays thus de-

termined give the mass of the heavy neutrino from equation (i45).

12.) Cherenkov Light Detection.

12.1) Transparency of Lake Issyk-Kul.

Ih

(¢}

water of Lake Issyk-Kul 1s famous for 1ts "saturated"
biue cclor. This implies, first of all, that the lake does not
centain yellow matter, and secondly, that there is not z great
gquantity of suspended particles. It is known that both the
yellcw matter and other suspended matter provide strong absorp-
ticn ir the Dblue parts of the spectra [16]. Conseguently,
absorption o©f Cherenkcv light in Issyk-Kul's water 1is not
great. It Is possible to consider the "optical transparency" of
the water tc be about that of distilled water, that is, the coef-
ficient of absorption is about C = 0.02 m~! for A = 476 nano-
meters (the average wavelength for Cherenkov radiation).

Irfcrmztion about transparency is obtained with the help of
the Secni disk. Measurements shcw that the coefficient of ziten-
vzticon ¥ light in water, through scattering and absorpticn, is
noT o FrezT. in reference [171, the relationship between the

rrzion of iight, iIn units of "e", and the deptn Z of
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disappearance of the disc is wriftten as:

z = 215 P (1))

A
By the scale of V. V. Shulekina for Issyk-Kul V = 3. Then
the coefficient is calculated by Equation (4€) and found to be
1.1, and for Issyk-Kul will give the exponential coefficient of

absorption of light as:

n 2
g =il o 0.08 5 qup-

n Z meter O €<

In reference [18] it is shown that the Sechi disc disappears
behind upward scattered light. Therefore, equation (47) gives
the coefficient "Kn", which determines the absorption coefficient
of light from dispersion, and the exponential attenuation coeffi-
cient "K". The attenuation coefficient becomes K = O.O6m-1 and

the corresponding attenuation length is:

1.1 =
K 0.06

Results of an expedition to Lake Issyk-Kul in 1980 to deter-

= 17 MELErS v v « o o+ o« o s+ o o 4 o o« e e .o . (48)
mine the absorption of light in its water showed that the beam
attenuation length was 15 meters to 21 meters, at depths from 10
meters to 650 meters.

The absorption of light is weakly dependent on depth. For
depths of 150 meters to 600 meters the coefficient of absorption
practically remains constant. The source of light was a light
emitting diode. The radiatsd light had a wavelength the same as
the.average wavelength of Cherenkov light.

A photomultiplier, model FEY 4¢, was used to detect the pho-

tons, 4 schematic of the instrument which was used to nmeasure



the transparency of the water is shown in Figure 12,1, "a" = the
schematic of the module, "b" = the block diagram of the elec-
cronia and electriczsl parts, "e" = a longitudinal cut of the

12.2) Pnotomultiplier Sensitivity to Cherenkov Light.

Cherenkov radiaticn may be measured by photomultipliers dis-
tributed in the lake water, In the large, recent models, the

minimun detectable flux of Cherenkov light approaches

= 0.08 photons (cm™2) to 0.03 {om_z). For example, the

/
\nY)min

type FEY 49 photomultiplier made in the USSR, is sensitive to a
. o 2
J_ux zs low as 0.08 photons/cm™, The more recent RCA 4522, made

in the US4, is sensitive to 0.03 photons/om2

We now estimate the flux of Cherenkov light generated by the
rmuon  and the hadronic shower components of the neutrino interac-

tion. Let be the energy in GeV of the hadronic shower and let

E
h
Z, be the energy in GeV of the muon. Referring to figure 12.1-2
zstimates ¢f the flux of photons from the muon NY (photons/cmz)

' u
and the flux of photons from the hadronic shower

NYh (DhOtOnS/CmZ), are given by Eguations (49) and (50).

v
i

Y = L/(2 ntanGcDU) N X))

where L is the number of Cherenkov light photons emitted per unit

path iengtn of the muon,

“ne angle between the muon trajectory and the directicn of

SR
~

T The pnoton,

.. 1s the impact parameter of the muon.

N, = LE (GeV)sins /(pE.(Gev)gwper) R 10}
: h c 1 h
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where 2. 1s the ionization leoss for relativistic particl

¢
n
-

o)

bl
m
ot
[{)]
"3

p 18 the density of water,
428 1s the angular spread in thé_ChePenkov light generated by
the nadronic shower in water.

Dh i5 the impact parameter for the shower

A~zzuzninz L = 200 photons/cm:

1 gram/cm3

p =
By =2 x 1073 GeV/(g/cmz)
48 = 0.2 radians
Wwe have;
NYU - (35/Du) photons/em® . . . . . . . .. . ... - .(51a)
NYh = (53 x 303Eh/Di)photons/cm2 S L TR (B )

=1

Equations (Z1.a) and (51.b) are zood approximations to tne flux
of photons up to the attentuation length of Cherenkov light in

iszyk=-Kul water.

Equation (51.a) 1s valid for low energy muons from acceler-

ater neutrino interactions. For the cosmic-ray muons with
E > 1,000 GeV, gerneration of Cnerenkov light from elsctrons and

electron positron pairs from bremsstrahlung and direct pair
procduction processes must be taken into account.

Coincidence techniques can be used to separate Cherenkov
1ignt from the random signals from the background of residual
sunlight at depths around 500 meters in Lake Issyk~Kul. Further,

Lne 1aXe nas no xnown biosluminescent organisms to produce azddi-

mem e s
— v\'.,.u‘\::h

o

ounZ wrlch is lmrorTant in ounderseas detschor

[85]
N
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13.) The Detector.

13.1) The Location cf the Detector.

Batavia is located about 30 miles west of Chicago and has

the following geographic coordinates:

» = 41° 500 N, and ¢ = 88° 15" W.
Lake Issyk-Kul is located in the Tien-Shan mountains and is about
70 kilometers from Alma-Ata. The surface of the lake 1is at an
elevation of 1609 m. above sea level. The staging area has the
following geographic coordinates:

A= 2% N, and ¢ = 78° E.
The through-the-earth cord line distance between Batavia and
Issyk-Kul is 9,370 kilometers. The trajectory goes through
intermediate layers of the earth but does not, unfortunately,
touch the core. The distance of closest approach to the center
is 4.8 x 103km [3]. The average density of earth along this path

equals about 4 gr‘ams/cm3 (in the core the density is 8 =+ 11

grams/cm3), and the average thickness of the matter traversed is
about 3.7 X 109 gpams/cmz. A calculation utilizing the charged-
current interaction cross-section of neutrinos with nucleons
shows that 0.1% of the neutrinos are absorbed. About 0.03% are
scattered out by the neutral-current interacticns. The time of
flight of the neutrino is 0.0312 seconds.

The maximum depth of Issyk-Kul is a little greater than 700
meters; the water contains a small quantity of suspended matter;

the lake does not freeze. More than 1/3 of the surface area of

20 meters, 22 the

W

the laxke covers water depths greater than

-

soutnern shores near the local ports of Akterex, Kolosovka and
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almost to Tamgi, deep water fields are located only 4 - 8 kilo-
meters from the bank.

The railway runs up to the Lake Port Ribachi (about 30 km
from Tamgi, the planned staging area for BATISS). There are also
motor roads and air transport to Port Ribachi. From Port Ribachi
tc any place on the lake there is complete water access by large

ships and also paved roads.

13.2). Module for the Detection of Muons at Large Depths Under

water.,

13.2.,1) Soviet Version.

In reference [3] the results are shown from a Soviet module
which was used to measure the transparency of water and intensity
of background radiation of Lake Issyk-Kul. Figure 1Z--1 is a
diagram of the Cherenkov Light Detector module used to carry out
these measurements. The figure shows the following elements:

1) photoelectron multiplier.

2) electronic diagram of amplification and pulse former.

2) high veoltage multipliers.

4) electrical power supply.

5) amplitude analyzer.

6) timing organization.

7) information storage.

8) remote programming anc control.

9) the module and additional equipmént for the measurement

of the transparency of water using light emitting diodes.
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13.2.,2) The American Versions.

a)l The first version is a sphere made of bcrosilicate
glass. The module can be dismantled into hemispheres and is
shown in Figure 13.2-1.

b) The second version is a metal-glass module in a
¢ylindrical form. The cylindrical module contains three photo-
multipiiers, and information from each photomultiplier 1is
collected upon a pre-selected coincidence among the photomulti-
plier tubes in the casing.

. Figure 13.2-2 shows the layout of the c¢ylindrical module.
From an examination of the various designs c¢f neutrino detector
modules we find that the module with the largest optical area is
spherical or cylindrical with hemispherical caps. In this form a
cylindrical design with an opaque partition between the two
clusters of three photomultipliers (.ooking in opposite direc-
tions) is used. Such a module is depicted in Figure 13.2-3. The
advantage of alcylindrical modgle is the simuitaneous and inde-
pendent detection of the neutrino particle by the lower hemis-
phere and the cosmic-rays by the upper hemisphere.

Using a three-fold coincidence among the lower or the upper
photomultipliers as a trigger will nearly eliminate events due to
the dark current electronic noise of the photomultiplier. Fur-
thermore, the three photomultipliers increase the reliability of
the module and allow an accurate calculation of the detection
efficiency of each photomultiplier tube [Z20].

A working trigger signal from a module will consist c¢f a2 two-

fold majority coincidence between any tw2 photomultipliers in the
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Figure 13,2-1 Schematic of a Svherical Module

i, 2, 3', 1, 2, 3 ~ Photomultipliers
4', 4 ~ Electronic Circuits
5 ~ Electrical Penetrators
6 ~ Watef Gaskets
7, 7 - Holding Bands

g, 8' ~ Turn Buckles
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b e e e s,

Figure 13.2-~2 Schematic of a Cylindrical Modul~

1, 2, 3 - Photomultipliers

W
]

Module Electronics

5 - Signal and Power Penetrators



s103eijldUdg STqe) Trublg pue I9mMog 2anssaig ybTH - G
SOTUOCIIDOTH -~ ¥
syaTTdI3TnWoloyd Burx¥ooT paemumod -~ c .z 1

sI9TTdTy [NWO30Y bUurxooT premdn - c ofz 1

OTNPO}] Aep OMI, B JO. DIFRumLUDS (-2 ¢ o2InbTtg

Dm - Fie . 1R [
[« “fI)J I_
3
N - e _ i %
| ] /[ C “ |
-
_ " L m
| T - — — L
P e A
L |
= S
' | 3 - - T P
. A r“lw e e ¢t o et s e oot oo T :
41 4 . P —— e
¥ B @4’ . n A« @ f i Tmtﬂw



50

module which point in the same direction. The probability of a
noise signal from two-fold coincidence (within a 3 ns time inter-
val) among any of the three photomultiplisrs in one module is
relatively small: +the order of 0.3 per second if the tube rates
are running at 10“ Hz. In addition, the requirement of a coinci-
dence between adjacent modules reduces the noise events to about
one per vyear. The cosmic-ray muons are expected to trigger the

module at a rate of 15 Hz.

(13.3) The Number of Modules in the Neutrino Detector.

The maximum spacing between the modules may be established
from the minimum detectable fluxes of the photomultipliers to be
used in the array. The detectable fluxes of the Cherenkov light
agepend on the impact parameter, the azimuthél and polar angle of
the particle and the attenuation length of the varicus components
of" the Cherenkov light in Issyk Kul water. For conditions when
D < 8 (the attenuation length of 1light) and the particles are
parallel to the normal of the face of the photomultiplier tubes,
we estimate D, the spacing of the module in the array.

For photomultiplier tubes with a threshold:
<Ny>min = .03 photon/cm2 and hadrcnic showers of energy

Eh = 40GeV we have:

(Du)max = (35/.03)em = 12 meters . . . . . . . . . . . . (52)
(Dp)ygay = (53 x 103E,/.03)72cm = 84 meters. . . . . . . (53)
For photomultiplier tubes with a threshold (NY Jmin = .08

photons/em® and hadronic showers of energy Ep = U40GeV we have:
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<Du>max = (35/.08)cm = 4.4 meters . . . . . . . . . . (52a)
(Ty0pay = (53 % 103En/.08)1/20m = 52 meters. . . . . . (53a)

Since tnree photomultipliers are to be located in each module in
the <cdetector the maximum detectable distance for muons 1is
increased by a factor of three in equaticns (52) and (52a). If
the spacing of the modules is set by requiring "certain' detec-
tion of the muon then thne shower component will be easily de-
tected. We note, however, that Equations (53) and (53a) over=-
estimate the maximum detectable impact parameter since the para-
nmeters ars much greater than the attenuation length. Future cal-
culations will take 1into account the effects of attenuation
1eng£hs and their dependence on the wavelength, and specific
phctomultiplier design. This information will be useful in re-
constructing the shower axis and shower brightness in order to
estimate Ky andev (the angle between the incident neutrinc and

h

hadronic shower axis).

13.L) Gecmetry of the BATISS Detector.

The geometrical layout of the detector must be such so as to
be easily assembled and disassembled. A lightwelght hexagonal
structure with modules located at each of the vertices and one in

the center are planned as the basic structural elements cf the

-3

he hnexagonal section is constructed c¢f three trian-

gulzr frames Ifastened Dbetwezen themselves with 1iIntersecticn



Figure 13.4

Schematic of a Section (Within a CGangleon).

A Section is Composed of 7 Modules.
1, 2, 3, 4, 5, 6, 7 - Modules
1-3-4; 1-5-6; 1-2-7 - Triangular Construction Elements
2-3; 4-5; 6-7 - Ribs Joining the TriangularAEIements

Total Rib Length = 12 L, = 180 m
Wumber of Interfaces = 7
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fasteners as is shown in Figure 13-1. Each arm, a hollow tube
which may be used for carrying the signal and power cables, 1is
equal to the length of a "rib" of the hexagon.

The entire array consists of 108 hexagonal sections. Each
section will have a maximum sensitive area for detection of muons
in the amount of 6,362 m? (a circle of radius 45 m). The geo-
metrical area of the section is 675 me. They can be assembled
‘into an array in several ways.

The length of the hexagon's ribs 1s determined by the weakest
signél sought in the detection of muons of low energy, such as
those generated by the interaction of solar muon neutrinos with
water,

The clarity of the water coupled with the design of the
- module sugge;ts a spacing (rib length) of 10 to 15 meters.

The following four variants of the groupings of the sections

re considered:

W

1) 18 Gangleons each with 6 layers of hexagonal sections.

2) 27 Gangleons each with 4 layers of nexagonal sectlions.

3) 12 Gangleons each with 9 layers of hexagonal sections.

4) 9 Gangleons each with 12 layers of hexagonal sections.

So it will be necessary in any case to‘manufacture 108 hexa-
gonal sections. Since there are seven modul;s in every sectlion,
the array will consist of a total of 756 modules. Hence, the

array will consist of 2,268 upward looking photomultiplieﬁs, and

a like number looking downward.

-

13.5) Calibration of Location of Modules.

LA

To utilize the 18 ns rf structure of the beam in a search
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for heavy neutrinos and to study geophysical phenomena it is nec-
essary to know the absolute location of the modules. While the
supporting structure is "rigid" it is expected to settle with
time and therefore it is necessary to monitor the positions of
all of the modules. The absolute location of the modules will be
accomplished by three separate calibration procedures which are
to be followed in the experiment. They are described in the

following sections.

13.5.1) Geometrical Location of the Modules.

At the time of the detection of a neutrino interactiocn it is
necessary to know the positions of all of the modules to an
accuracy of less than two centimeters relative to a set of fixed
bench marks driven into the bed rock beneath the detector. Since
the array is "rigid," position transducers need be placed on only
a small number of widely distributed modules. Either sharp light

or acoustical pulses will be transmitted then received from

benchmarks. The transit time of the pulses to the respective
modules can be used to determine the coordinates of the
module.

13.5.2) Electronic Transit Time.

The voltage between the face of the tube and the first dynode
must be held to a high level and isolated from variations imposed
on the remaining dynodeé, in order to hold the pmt s=ignal transit
time constant while being able to independently adjust the over-
all‘gain of the photomultiplier. A set of strategically placed

"bluish green" light emitting diodes are to be used to help check



on the electronic transit time of photomultiplier signals in each

of the modules.

13.5.3) Consistency Checks.

Cosmic-ray muons passing through the array can be used to
monitor the relative geometrical and electronic position of the
modules, On the average the muons will define straight 1line
trajectories and the times of arrival of the Cherenkov light
pulses can be used to calculate the pmt "electronic" signal delay
and the relative geometrical locations which are reqguired to

yield straight line fits to the muon trajectory.

13.6 Detector Components.

13.6.1) Programmable High Voltage Sources.

- The high voltage for the photomultipliers is obtained from alow
véltage electrical feed to the photomultipliers, which is then
converted by means of a transformer to the high voltages required
to operate the pmt. One low voltage power cable supplies the six
photomuitipliers in every module. Photomultipliers of the type
FEY-49 or of the type RCA-4522 are used in the current prototype
modules. For both of these types of photomultipliers high vol-
tage from 1,700 to 2,500 volts are necessary. Both modules have
been tested and operated to 2,000 foot depths of water. One was
successfully tested in the Fermilab NO beam line.

The necessary current required to supply the photomultipliers
is dependent on the voltage thresholds required to operate the
discriminators and coincidence circuits. About 0.1 ma to 0.3 ma

r pmt is required for the contemplated electronics. In such a

D

™~
Il
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manner six photomultipliers will draw .6 to 1;8 ma of DC cur-
rent. On the average the high voltage on the photomultiplier is
about 2,000 volts. From this it follows that using one high vol-
tage transformer per module, it must cperate at a power 1level
from 1.2 to 3.6 watts, or on the average of 3.0 watts. (In the
USA off-the-shelf high voltage DC transformers of the type VENUS

satisfies these demands.)

13.6.2) Underwater Transmission Cables. ‘

The current BATISS test telescope uses "hard wired" tech-
niques to select particles from the FNAL. This requires a
substantial amount of cable. While our designs can be directly
expanded to the large underwater array, it may be more efficient
(if practical) to consider alternate techniques. Some general
requirements are developed for such a new system in the para-

graphs below.

13.6.2-1) Interfaces.

> h]

fhe interfaces fcr the connections of medule outputs to
underwater transmission cables and the various other array
components (such as the module's cables to the minicomputers)
must meet the following criteria:

1) They must be capable of easy connection and disconnection
in the field.

2) The interconﬁection must be capable of operating under
pressures of no less than a 1,000 meters of a column of water.

3) The interface must be able to connect several photo-

multiplier cables in one operation.
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13.6.2-2) Electrical Conductors.

The underwater ¢able must carry an electric current for
supplying power to the photomultipliers and the data acquisition
module, and it must also contain the‘signal transmission line for
~information from the module to the minicomputer. This would
require a four conductor cable where every conductor is iscolated
and shielded.

The following information must be transmitted by the cables:

1) Signals transmitted from each photomultiplier to the
computer., One is used to measure the amplitude of the Cherenkov
light, a second the time of arrival. Using the time of recording
of the light pulses, information from the other two
photomultipliers, a coincidence requirement can be established so
'as to exclude background signals from the photomultipliers.

2) Signals from the coincidence unit in the module are fed
to a minicomputer.

3) A signal must be transmitted conveying the address to the

4) The electrical power will be supplied by a separate and

fourth conductor.

13.6.2-3) Optical Cables.

This version utilizes laser diodes which transmit light over

an optical cable. Optical cables exist which can transmit the

"necessary information for 2 kmj; electrical shielding for these

conductors is not necessary.
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13.6.2-4) Information Transmission Cables.

The cable transmitting information from the minicomputer to
the on-shore data analysis computer must have three lines: (1) to
supply the electrical power; (2) to carry information, (3) to

control the minicomputers, which in turn control the module

status.

13.6.2-5) Interconnection Cables within a Section.

The cable from every section to the minicomputer must have a
minimum of 28 leads unless multiplexing can be carried out at the

central module of a section.

13.6.2-6) Total Cable Length for the Array.

The amount of cable required for the operation of the detec-
tor array depends on the specific system chosen for the transmis-
sion and multiplexing of the data. Several systems are under
consideration. The minimal amount of signal transmission cable
is given by the following.

1)  The éable from the shore to the minicomputers 1is
20 km (array to shore) x 9 (gangleons) = 180 km.

2) The cable from each section to the computer is 1,500
meters for one gangleon. Therefore, 1.5 km x 9 (number of gan-
gleons) = 140 km. |

3) For each section it is necessary to have a minimum of 105
meters of cable, Altogether the BATISS neutrino detector is
composed of 108 sections. For all the sections it is necessary
to have 11.34 km of cable for the section plus interconnection

oetween sections amounting to 233 km of cable.
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4) In every module there are six photomultipliers. Alto~
gether there are 4,536 photomultipliers. Each photomultiplier
requires 3 meters of co-axial cable. Therefore, the total length
of cable required for all modules is

L= 4,536 (photomultipliers) x 3 (co-axial cables) = 14 km
of cabie. Thus about 440 km of signal gquality cable are needed
for the array.

5) In the neutrino telescope now operational at Western
Washington University, selection of signals with a proper time
sequeﬁce corresponding to through-the-earth events is not carried
out by computer software as planned for BATISS, but by means of
insertion of calibrated delay cables into the lines leading to
the coincidence unit. These "trim" delay lines make the signals
-which are generated by a muon from the direction of the FNAL
arrive simultaneously at the coincidence unit. The coincidence
unit then provides the master trigger for the TDC and the ADC
start gates. A similar version for the BATISS experiment would

. v A3 e o | . 1 £ s, !
reguire an additiosnal 2.5 thousand km of signal ¢

%Y

ble. Hence, a
computer software program trigger selection is advocated for the
large Issyk-Kul neutrino detector particularly for the cosmic-ray
portion.

In conclusion, the minimum total length of all various types

of cable required for BATISS will be on the order of 500 km.

- 13.6.3) The Electrical Power Requirements.

)

The source of the electrical power for the photomultiplier

4

2d voltage. The voltages needed Tor

1

v

{

R - (BN [ Lot
GOV LI 4a Nighiey Staoidd

IRy
(

the associated eguipment are:
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+4.5, 6 , +7.5, 9, =+12, 24 Volts.

About 2.3 kw of power are allocated for the high voltage for
the photomultipliers. About 5 kw of pcwer are allocated for the
elecronic modules. About 25 kw of power are allocated for the 36
minicomputers.

In such a manner a power supply (for an array located deep in
water) must be able to deliver 32.5 kilowatts of power, The
necessary power for the large land based computer will be about
three kilowatts. |

if we include various other sources of power demands associ-

ated with the BATISS experiment a total of 35 to 38 kilowatts of

power 1s required to operate the experiment.

14.) Data Generation and Analysis.

14.1) Experiment Data Flow.

The organization of the data flow in the BATISS experiment is
depicted in Figure 14.1-1. Two types of time synchronized data
are required to be accumulated. First the conditions of the
neutrino source and second, the detector response. The
underwater Cherenkov 1light detector 1is depicted in the upper

central portion of the Figure.

14.1.1) Neutrino Source.

The neutrino-source data acquisition system is shown in the
upper left hand cornar of Figure 14,.1-1. At the tiame of each
delivery of the neutrino beam information on the time of extrac-
tion of a particular bucket for each pulse must be recorded to at

least one nanosecond of time jitter and to a comparable accuracy
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in the absolute time of extraction. It would be worthwhile to
put this information on the Fermilab data logger for permanent
storage.

Transmission of a Fermilab prepulse signal, prior to the fast
N2 spill will allow the detector to be gated tc record only thdse
pmt pulses when the N@ neutrinos are passing through the detec-~
tor. If a single turn extraction is used, an automatic reduction
of noise by a factor of one million is possible.

It is also desired that the essential information for the
extréoted beam, its intensity and energy be <transmitted in
between deliveries from Fermilab.

Essential equipment should include a highly stable clock, a
data recorder and a transmliter. A satellite is proposed to
Eransfer time between the neutrino source and the detestor and to

serve as a data transfer point.

14.1.2) Neutrino Detector.

14.1.2-1) Cosmic-Ray Data.

The data flow from the detector is broken down into three
components. The first is the flow of data from the upward look-
ing portion dedicated to the study of high energy cosmic-ray

muons and low energy (few GeV) solar flare neutrino interactions.

14.1.2-2) Accelerator-Neutrino Data.

The second data flow channel from the BATISS cdetector is from

Fal

the downward looking portion dedicated to the detection of accel-
erator-neutrino events, In this case the iLriggsr signal for the

array can be very simple. A prepulse sign=nl can be used to gate
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the CAMAC data acquisition modules to accept only those (pulses
from the photomultipliers) which occur during the passage of the
neutrino beam. A master clock pulse giving the time of an epoch
is fed into the modules of the array to be read by the array
clock. The time of arrival of pmt pulses relative to the array

clock is then recorded.

14,1.2-3) Array Monitor Data.
| The third component of the data acquisition system of the
array consists of data determining the status of each of the
photomultiplier tubes and the relative position of the modules
amongst each other. Control signals can be sent to the modules
in the array to turn off defective tubes or to adjust the photo-
multiplier tube voltages to improve efficiency. Adjustments are
needed to offset changes in tube efficiencies or signal transit
times in the tubes.

Data from a separate module-position calibration system also

flows along this path.

14.1.3) Data Network.

As indicated in Figurel4.l-1 the data flow amongst the
various components of the experiment can take place with the aid
of a network of minicomputers which interact with each other via
telephone lines, satellite links and direct cables.

About 36 minicomputers will be required to carry out the
detector data collection on a real time basis and three more for
the monitoring of the neutrino sources, the time synchronization
system and a reference telescope such as the one located at

Western Washington University.
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14.2) The Underwater Cherenkov Light Detector.

A methodology for the selection of data in BATISS is now

discussed.

14,2.1) Accelerator-Neutrino Detector.

For the case of the Accelerator Neutrino Detector the data
acquisition criteria are extremely simple. The array can be
gated to accept only those events which occur during the expected
time of passage of the neutrino beam from the accelerator. The
FNAL regularly genérates pulses of neutrinos 2 ms in duration for
Bubble Chamber exposures. Since these occur in cycle times, Tcy’
of around 10 second spacing, the background rejection is a factor
of 5,000.

Single turn extraction of the Main Ring Beam takes 20us and
would have the advantage of a higher rejection in the background,
on the order of 5 x 109, In a 20 ps time period we expect to
receive about 2 noise pulses per pmt on the average and occasion-
ally a signal pulse. Hence, the timing prepulse from the
accelerator could serve as the master trigger to initiate ADC of
signals from every photomultiplier in that time period. On the
average 756 x 3 x 2 = k4,536 tube pulses are expected to be
recovered from the array in the 20us period..

The long time period between the accelerator-beam deliveries

could then be used for a search and an analysis of recorded neu-

trino interactions.

14.2.2) Cosmic-Ray Detector.

The data acquisition procedure for the upward looking portion



of the array, consisting of 2,268 pmts housed in 756 modules is
expected to be more sophisticated. It has to pick out high
energy cosmic-ray muons and high energy muon interaction
events. The master trigger must be provided from an internally
generated fast trigger.

Such a trigger may be provided by an extremely bright pulse
generated by the products of a high energy interaction or by a
very high level of coincidence among the modules in the array
corresponding to the traversal of a muon through the entire
arraj. A muon must have a minimum of 36 GeV energy to overcome
the ionization loss to get through the array.

From measurements of the underwater depth intensity distri-

butions [361, [37] we estimate a rate:

: - 1
T, -6.32%x 107° —£ S x 1.8 x 1.8 x 10% x 10* = 20 x 103" s/sec.
cm” -sec _
with an energy greater than 36 GeV. Hence, in a day about

1.8 x 109 events could be recorded allowing for an extremely sen-

sitive measure of the anisotropy of cosmic-rays.

14.3) Block Diagram of the Data Acquisition and Processing

Systemn.

The data écquisition and processing system for experiment
BATISS is determined by the quality and amount of information
necessary to achieve answers to the physics and geophysics ques-
tions stated in the preface. The system must, be able to process
and record the following information.

1) The absolute time of arrival of a pulse from a photo-

A e b

U

iier with an accuracy betfer than or egual to one nano-
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second at the module and no more than 6 to 8 nano-seconds at the
final destination where the information is recorded and analyzed
by a number-crunching computer. The times of arrival of pulses
relative to a neighborhood trigger pulse should be accurate to
50 ps.

2) The address of the module and the photomultiplier gener-
ating the pulse.

3) The amplitude of the signal pulse recorded at the
module. The Cherenkov 1light intensitiés,Aﬁkn, from a single
particle ranges from one photoelectron from the most distant muon
to about 300 for a muon passing through the center of the tube.
That from an electromagnetic or hadronic shower 1s about 400
times greater.

The organization of the data acquisition system fbr the
underwater neutrino detector is discussed in terms of a hierarchy
of the grouping of the detector moaules for the fourth variant of
the detector array. These groupings begin with the two pair of
three each ofvphotomultiplieré in a module, then groupings of 7
modules into a hexagonal section, then grouping of 3 sections
into neighborhoods, then grouping of 4 neighborhoods into gang-
ieons and finally the grouping of 9 gangleons into the detector
array. The detector data acquisition hierarchy is shown in

Figure 14.3.

14.3.1) Module Structure.

The basic module consists of & photomultiplier tubes (pmt's),
three "looking up" (to observe cosmic-rays and their interac-

tions) and three "looking down" (to observe accelerator neutrino
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Figure 14.13

| DETECTOR DATA ACQUISITION HIERARCHY |

PMT Modules Sections Neighborhoods Gangleons Neutrino

PMI Modules Sections Neighborhoods Gangleons Array

* An identical data acquisition hierarchy applies to the
set of 756 x 3 downward looking photomultipliers.
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events). The basic schematic of the electronids for one of the
sets of pmt's within a module is shown in Figure 14.3.1 below.
Its relation to other modules in the neighborhood of the array is

shown in Figure 14.3, 4.

14.3.2) Module Grouping and Address Structure.

14.3.2-1) Address.

The photomultiplier tubes within each module are labeled
Pq...Pg with Py = Uq, Eb = u,, P3 = usz. Here, u4, u, and u3
label those looking up. The three downward looking portions can
be labeled as Py = di, P5 = dp, Pg = d3.

The next grouping (Figure 14.3.2) consists of the set of
seven modules, one at each of the six points of a hexagon and one
in the center. The grouping considered as a unit is called a
Section. Each module in the section is labeled as M, with k =
1...7. Thus, each section consists of 21 photomultiplier tubes
"looking up," and another 21 tubes "looking down." The address
of each pmt is given by M, P, k= 1...7, n = 1...6.

It is convenient to group twelve such sections into a unit,
called a gangleon. The sections can be stacked so that the axis
of the gangleon is parallel to the flight path of the accelerator
neutrino. This configuration provides a high muon signal rate
for modules along the string.

Continuing, it 1is natural to 1label the sections as Gisj
(where G, labels the gangleon (i = 1...9) and Sj (j = 1...12)
labeis the section within the gangleon Gi' Nine such stacks can

be grouped together to form a six million ton neutrino target-

detector.
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E: DC Voltage Converter

& > 1
—L__I—Power Lime to neighborhood]
PMT Cathode
N l D) > 2 .
et 1 t}"jd_“<::<fBUffer 17 v to neighborhood
\ R . .
/INYL T Amplifier
LED
< Buffer to neighborhood
1: Amplifier

Early Stage iModule Bulkhead

The rest of the 5 photomultiplier tubes and outputs are
not shown

line (1) Low voltage dc power line to PMT High V. converten
(2) Signal line for low amplitude Cherenkov light
events.

(3) Signal line for high amplitude Cherenkov light
events.

DC—>DC Low to High Voltage Converters — —— — . . 6

Photomultipliers RCA #4522 —— — — — — — — — — 2

FEY495 — — — — — — — — — — _ b

2uffer Amplifiers — — — — — - . __ __ _ 12

Penetrators 500 —— — — — — — — — 12

High Voltage — — — — — — — — 6

Housings — — — — — —  — . . — — — — 6

sSignal Cables to Neighborhood Intelligence Center:

12 signal lines each 2%, meters long = 244,=360 m.
high voltage lines each 225 meters long = 122 0130 m.
490 m.

Ficure 14.3,1 MNODULE ELECTRONICS

One poss1ble configuration using "off the shelf" hard-
ware is shown above.




Figure 14.2.1

Labeling of modules in a

Section, Sg.

70
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Trus, the genera. address of each module will be labeled as

Gs Sl and therefore, the complete  address for  each
phctomultiplier tube will be Ajjkpn = GiSjMkPp with (1 = 7...9, ]
= 1...712, k= 1...7, n = 1...6).

14.3.2, Trigger Hierarchy.

(AR
{1

2n  phvsics experiment (accelerator-neutrino, cosmic-ray

mucn c¢r proton decay) requires its own special triggef signa-
ture. Here we consider a "muon trigger" in detail which is used

to signzl an accelerator or cosmic-ray event.

Fcr the purpose of defining a muon trigger, 1t is convenient

to process data from a group of three adjacent sections. Let the

set ¢f three sections be callsd a neighborhood (see Figure 14.3-

3). The overall electronics and their relation in a neighborhood

_ N

b,

. . —
Da emmar f e :
LEZOENCW or .

LA

e define a nuon trigger whenever three or more modules
~itin = neighbtorhocd precduce a signal within the transit time

perizd o a’ reiativistic' particle passing threcugh the

+

neightornood. This coincidence time'period will be = 80 ns.
Since tne two or three fold coincidence rate within a module will
provide a cosmic-ray muon signal at a rate of about 15 per second
the overzll neighborhood trigger rate because of its larger area

Wwill wvield a higher signal rate of about 105 u's per second.

s
3
i

[

v
1

j o

ucens Wwith much less than the separation length between

ne mcdulses can be detected by an examination of the signais fron

cz=s 2f TDC's which are Lri

K S
a2

gered by the event. Pairs as

3

icse 2z 2ne foot can be separated from each other.
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Figure 14.3.3

Neighborhood Nh'



PCWER

73

126 hi A signal

>1J0d B1ed DVAVD
UL aamod adB3TOA MOT

Aviie 02

JI99Us) 90USFTTIL3UI pooyaoquUITeN # € 'HT sand T,

TeUs TG &wmuﬂpeATJ

ONISNOH JIHOLLYELVM

N

R

v

A0 HUDDIYL AV HMY

J0

' U.‘_/,\ ) ﬁ.

HdH LGV
STIOINMA

»\.,

N2
QiAT poouydoguysdtany odi——aO-

\_/

N ’@” m—
7

¢ / ?

— °

—
,;$11f|Mm A as 90 -

T
P SAd () (1) TN oav non -
g (T) (%) (F) () &
@ i
=] - ‘Ns,aﬂ
§ oot =
G4 — I ‘.v\\JLV
— 1 P i
g T | g
O. H‘N.l -1 Ortl;Aln_l— i b——s 9 - allll_lr".v auli\oﬂ:_.l‘l \W”\M
R T
m l(& Um..@ oav aT 1|||||_ L A, aq 51 hIHMM
- () 1) [ano wva () (a) (¥) o
i ]
aA8TNd MD0TD DINOLY %




74

Figure 14.3,4. Neighborhood Intelligence Center

The Intelligence Center monitors and controls the high
voltzge supplies to the photomultipliers, provides electronics
power, digitizes the time and amplitude of the PMT signals, tunes

up the signal delays so that a precise programmable trigger
signal can be generated and communicates with the array
processor.

#of # of outputs/

External data line
Full powered CAMAC crates

PART channels channel
(a) AM Fast buffer amplifier 126 2
(b) DS Fast discriminator 126 2
(c) GG Gate generator 126 1
(d) LD Logic signal delay 252 2
(e) TDC Time to digital converter 126 -
(f) ADC Analogue to digital converter 126 -
(g) PML Programmable multi logic unit 126 1
(h) CC CAMAC crate controller 1 -
(i) SD Serial line Driver and converter

to optical transmission 1 2
(j) GG Cate generator 126
(k) ADC Analogue to digital converter 120
(1) PVS Programmable DC Voltage supply - 126
(m)
(n)



14.3.3-1) Neighborhood

The parts for each neighborhood are listed below in Table

14.3.3-1. ‘
Table 14.3.3-1
Parts List for One Neighborhood
1. Upward looking pmt's 21 x 3 = 63 pmt
2. Downward looking pmt's, 21 x 3 = 63 pm¢t
3. Number of modules, 7 x 3 = 21 ‘
4, Mixers 7 x 3 = 21
5. Cable Length(l4 signal
lines for each pmt) 7204,= 10.8 km
6. Interfaces 21
7. Ribs v 50
B. Power Cable. A three conductor power cable for each

of the pmts is required. A total 1length of 3.15 km for one

neighborhood is needed for this purpose also.

14.3.3-2) String Array.

~ One of the directions of symmetry of the array happens to be
very close to the incident neutrino beam direction and hence the
direction of the muons from the ’charged-current interaction.
total of 9 x 7 = 63 strings of modules can be found which line up
parallel to the axis of the neutrino beam in the full scale

arrav.
A string, consists of 12 Cherenkov light detector modules

2long a line parallsl to the line connecting the centers of the

(€8]

sections. The modules are spaced a distance of 15 meters, which

‘3 .ess than the absorption path of light in tne water. This
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configuration suggests a "hardware" technique for a signature due
to "on-axis"™ muons. This is accomplished by adding a delay of
1/3&0 to the signal cable of the module up stream relative to
the immediate downstream module. Hence the signals from all of

the modules along the string, due to a muon travelling upward at

<t

h

O]

speed of 1light along the axis of the string, will arrive
simuitaneously at the coincidence unit located at tne top.

A trigger signal, generated when three or more coincidences
occur from among the 36 photomultiplier tubes of a string within
a time interval of 45 ns is required to start the TDC's clocks
and ADC's charge integrating process. Later an examination of
the photomultiplier data by an on-shore computer will use the
pulses from each string to reconstruct ihe straight 1line
trajectory corresponding to a particle traveling at the spsed of
light up through the string array. Data from one string will

5

determine the direction of the muon to within the zzimuth

~ +

nelae. By comparing data from two strings thne trajectory will be
Y g &

1

8}

¢

determined to within two lines'lying on the intersecticon of two
cones and the data from the third string will produce the unique

solution.

14.3.3-3 Gangleon.

Signals from the seven strings in one gangleon are controiled
znd processed by one minicomputer. A three-f2l1ld or higher
majority logic coincidence from the outputs of any of the
photomultipliers in a string can be uced as a string trigger.
The outputs of all 63 strings can then be sent through a mixer

the output of which can be used as a gangleon Lrigger, Tnis

{
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angleon trigger is used to digitize the information from all of

[02]

the photomultipliers in the array.
This array trigger scheme requires the use of electronic
logic delays of about 1.6us for the outputs of all photomuliplier

tubes before they are time digitized.

14.3.3-4 Transfer of Array Information.

After a master trigger is generated, the time of arrival, the
émplitude, and the address of all of the signals generated within
the array "looking time" interval are transferred to an on-shore
mass storage device. This mass storage device then feeds the
information to a number-crunching computer where software pro-

grams analyze the data.

i4.4) The Detector Data Acquisition and Processing System.

The data acquisition system consists of two main components,
one designed to acquire and process the cosmic-rays which arrive
2t unpredictable times, and the second to acquire and process the
accelerator neutrino events which arrive at predictable times.

It would be desirable to record tHe times of arrival and the
amplitude of all of the signals above the one photoelectron level
from each of the photomultiplier tubes in the neutrino detector
array. Since the array consists of about N = 5,000 photomulti-
slisr tubes, each of which produces pulses at the rate
31 = 104 Yz, this would require that the data acquisition system
" have a signal data throughput capacity Ci = NRi, or 50 megahertz

©» 100 megabytes (for 16 bit data word lengths) per second.
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The data acquisition system consists of ¢two components.
First, the seﬁ of all CAMAC modules which convert the
5 X 103 X 1OLl pmt signals into computer compatable data and
second, the set of minicomputers which multiplex the acquired
data and feed it to a larger capacity computer for data
processing.

By requiring a twofold coincidence Dbetween any pair of
signals from the 21 modules in a neighborhood, the array trigger
rate due to cosmic-ray muons 1is reduceﬁ to 4,000 events per
second. The Cherenkov light from a single muon traversing the
entire array will produce detectable signals in about 100
photomultipliers., Hence, a data acquisition system with a
throughput rate of about 4 x 105 pmt signals per second is
required. If each event must contain information about the am-
plitude and relative time of arrival and 2 byte words are re-
quired for both, then the cosmic-ray data throughout will be 1.6
megabytes per second.

Crie evarnle of an a2decus
:

R2/87 covrputer mod

bl
Py R AL T L L

¢4
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This operation must Me carried out hetween the deliveries of the
accelerator Vezms., Tn tre case of the NI this is 1.4 seconds
2nd the 7IAT a»out 17 seconds (for the tevatron it will »e “C
seconds) .

2. Speed ¢rf Tigrht Pate Cuts

4 larce numter ¢f lo. lc operations must be carried out on
the le in order tec filter out noise pulseg. Each siznal pair
must satisfy the criterion:

A o I L

i ij

where Cij is the time it takes for a particle ﬁraveling at the
speed of 1litht to traverse the distance hetween a palir of modules
i,3, In reneral, only abvout 7 x 12 = 24 modules {ons zanzlecn)
are evpected o satisfy the criteria, but for excepritlonally hizh
enersy interactions it 1z concelvanle that signals from nearly
all 756 modules will satisfy the criteria.

Fence, the number of loiuic operations, NC, at thils staze
is expected To me about:

{\’m:(?}%)z S S s o L R
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15.) Budget Estimate.

15.1) Estimates of the Materials Cost of the Mechanical

Structure.

The basic structural elements are corrosion resistant dur-

aluminum tubes each 15 meters long. About 6,000 structural
members are needed for the array. Assuming a cost of $3/meter

the structural material will cost $270,000.
About 756 module to array interface structures are also
needed. At $30 an interface we estimate a cost of $22,680. In

additibn, welding supplies, bolts and anti-corrosion elements are
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alsc needed. These supplies should total about $25/module which

amounts to a total cost of $18,90C for miscellaneous materials.

In summary the material cecsts for the structure are:

1) £,000 structural members each 15 meters long $270,000
2} 756 module to array interface structures 22,680
3) anticorrosion metals, bolts, welding supplies 18,900

$311,580

EStimates of the Cost ¢f the Electronics in the Data

Ul
N
p—

Acquisition Systemn.

These estimates are made for an array consisting of 756
modules., Each module consists of six photomultipliers, three
~oo«ing up and three loocking down. The data acquisition system
determines the time of arrival of a Cherenkov light pulse, the
ampiitude and the address of the photomultiplier. The total cost
is estimated to be $11,650,000 for a specific system using off-
the-shelf hardware as listed in the table below. Costs are in

1957 dollars.

) Emplifiers LeCroyv 612A 12 Charnels with x 10 amplification.

756 modules x $1295/unit (108 sections) $979,020

2) Analogue to Digital Converters.

LeCroy 2282 48 channel 1 ns resolution 217,350
LeCroy Systems Processors, 4 units € $1,500 10,000

Time to Digital Converter. 1 ns resolution

(WS

LeCroy 4291B 32 channel drift chamber TDC

N
Wt
Mo
\ Ag

(53,000 | (4536 pmt cheannel.s) =$3,000 x 142 Y
i unit | (32 channels/unit)



4)

5)

6)

7)

8)

9)
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Coincidence Units.

LeCroy 380A: 108 sections x 2 units/section
Aliernate: 216 sections x $1095

6,912 channels 756 up

2,268 channels 756 down

Discriminators.

LeCroy #825

Quint risetime disc $1450 x 756 modules

Alternates: model 77705 32 channel ($700)
142 units + 14 = 156 at $710

High Voltage Supplies.

HVU4032A 32 negative outputs € $5,700

Alternate: $80/channel for Venus x U536

Cables.

500 km € $ 3,000/km
Total for ADC, TDC, Power, cables.
Multiconductor cable

Photomultiplier Tubes.

RCA 4522: 756 x 6 = 4,536 x $800
FEY 49: 5,000 @ $200

Mini Computers.

KS 8030 € $12,000 x 10 units
Alternate: DEC PDP11 € $20,000 x 10 units

10) Time Synchronizaﬁion System.

5 Hydrogen Maser Clocks @ $300,000

Total Electronic Equipment Costs

Cost Using Alternate Equipment

236,520
(25,869)
(25,869)

1,096,200
(110,760)

873,600
(362,880)

1,500,000

3,628,800
1,000,000

120,000
(200,000)

1,500,000

$11,650,000

($6,356,998)
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15.3) Costs of Electronics for the Hexagonal Sections.

This electronics will assemble and sort signal pulses prior Lo
recording by thne array computer system. Below is a detailed 1list
needed for two sections. The total cost for the complete array 1is

given in section 15.2

Description Price #Units Total

1. TD811 8 channel each (E.G.G.

CAMAC Time Digitizers $1,400 11 $15,400
2. 2259A 8 channel each (Le Croy

CAMAC Analog Converters) 1,400 11 15,400
3. RCOM4 (E.G.G. CAMAC Real Time '

Clock) - Interface between array

and atomic clock 1,500 1 1,500
4, LG105/NL (E.G.G. Linear Gate/

Stretcher) 1,000 81 81,0

81-input coincidence units with
presetable plurality selection

wn

{Custom) 2,000 1 2,00
6. ©621BL (Le Croy Quad Discriminator)

4 discrimators/Unit 1,195 1 1,195
7. 1 - 11 Fanout (Custom) 1,000 2 2,000
8. 1 - 81 Fanout (Custom) 2,000 1 2,000
9. Model 2000 Canberra NIMBIN 738 10 7,380
10. Environmental Protection for above

(Circuit Board Coating) 1,000
11. CAMAC Circuit to sense ambient

light levels 1,200 1 1,200
12. Total $130,075

15.4.) Cost of On-Shore Data Processing Systems.

The following is an estimate of the cost of the on-shore data
precessing systems using the Digital Equipment Corporation VAX 11
computer as an example. The 5Ll may be better and less expensive.

I. VAX 11/780 Package.

T 2
Ll

ct

or site

ot
-
D
(&8
4]
<t
@

to be used

[

C

0]
jo3]
ct



IT.

for data acquisition and processing.

Fully configured 13 Mbytes, 256 Mbytes

disk, tape drive 125"/sec.

VAX 11/750 Package.

To be used at WWU for accelerator

neutrino data analysis. CPU BUSS

capacity of 13.3 mbytes/sec.

1)

11/750 wup with 512 Kbytes of MOS.

2) LA38 Decwriter console 24 Kbytes.

3) RKO78-=11 Controller and drive. Two
RK0O7 disks each 28 Mbytes of storage.

4) QDO01-AD VAX/VMS operating system.

5) Unibuss Adapter

6) Subtotal

Peripherals.

1) TU58-N tape cartridge drive. 2,048
records x 128 bytes

2) VT100-AA video terminal

Mass Storage Devices.

3)
4)

Tmt o mey A
LA s & FR

RM05-BC (256 Mbytes)

TEU77-CB master tape, 200 Kbytes/sec
40 Mbytes/reel

TUT7-AF slave tape

LA120 terminal

Subtotal

39,140

35,000
23,000

4]
O
(9]
]

257,000

89,900

103,740
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12 Mo. € $710/Mo.

CrU

Options.

d\l
I

&)

7)

8)
9)

2nd memory controller for 11/780, 74
Megabytes, 4096 Kbytes

7 units of 256 Kbytes of mass memory
sach $9,100

FPA floating point accelerator for 11/780
Requires 0.8 u's for a + or - and 1 u's/
degree of polynomial.

Multiport memory option

7 units of 256 Kbytes of mass

memory each $9100

User control store 12 Kbytes

Battery backup pack

Cabinets

Subtotal

Input-Output.

1)

2)

LT

N

DMR 11-AA interface serial line
interface

MA780-AA mass buss adapter 32 byte
with silo data buffer

LPA11-K front and back

Three modems Bell Telephone module
208 @ $400 each

Unibuss adapter (18 bit) = DZ?1~E

15 NPR with a 4-16 bit buffer € 1.35

Mbytes/sec.

26,600

63,700

10,000

37,300

63,700

10,700

1,250
17,840

4,200

37,300
5,000

1,200

4,300

8,5

231,090



VII.

VIII

6)

7)
8)

5)
6)
7)

8)

w

[09]
~1

2 Com Data model 370E2-42 Phonen
@ 337. WWU, FNAL
TI 765 Terminal - moden
Subtotal

Software.
DECNZT
MUX200/VAX Multi-terminal emulator
QEQ70-AY for Cyber series CDC 6600
with IBM Standard Protocol for 206
UT Mode 44 communications channels
VAX11-3271 Protocol emulator
for the 11/780 processcr
VAX11-2780/3780 Protocol emulator
for 1BM Standard protocol
FORTRAN Compiler
VAX 11 DSM data management system
Engineering Graphics Utilities
Subtotal

Array Processor.

Floating Point Systems

Unibuss 100' Ribbon Lable ET11-45H

Unibuss Repeater {One for each 50
coaxiazl Cable 1000

Subtotal

Documentation.

YA¥X-11/780 Hardware Documentation

YMaintenance Documentatiocn Service

774
3,029

3,100

8,100

7,500

5,900
8,050
12,000

2,500

(o)
w

-
O
<
[®]

o
oy
=g

feet)

680

N ing
[B5]
D
<

55,803

47,150

b,424
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3) Source Listings 25,000
4) FORTRAN, Documentation 78
5)  Subtotal 29,978

X. Supplies
1) Disk packs RKOTK-DC € 3430 x 10 4,300

2, Disk packs PRO5-P @ $W,M50 X 4 5,800

3) Magnetic tape, 9-track, 100

tapes @ $30 ea 3,000
“). Cables 5,000
5) Busses 5,000
6) Subtotal 23,100
¥I. TOTAL $896,465

XTI. SUMMARY OF EQUIPMENT COSTS

1)  Structural $ 311,580 §
2) Electronics _ 10,586,740
3) Computer . 896,465
TOTAL 11,794,785
Total Administrative and Salary 10,000,000
Bending of the FNAL Neutrino Beam 40,000,000

Total Project Cost $61,794.785
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